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Epstein-Barr Virus-induced Autoimmune Responses 

II. immunoglobulin G Autoantibodies to Mimicking and Nonmimicking Epitopes. Presence in 
Autoimmune Disease 
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Abstract 

During infectious mononucleosis, IgM autoantibodies are 
generated to a protein, p542, which contains a glycine-rich 
28-nier epitope cross-reactive with the Epstein-Barr nuclear 
antlgen-1 through Epstein-Barr nuclear antigen-l*s glychie/ 
alanine repeat In normal hidividuals it Is uncommon to 
find IgG anti-p542, but among patients with progressive 
systemic sclerosis, systemic lup'u erythematosus, and ulcer- 
ative coUtis high IgG anti-p542 (> 3 SD above the mean 
of nonnal 20-50 yr controls) occurred frequently. Lesser 
elevations occurred in Sjogren's syndrome, rheumatoid ar- 
thritis, ankylosing spondylitis, and Crohn's disease, but 
none with chronic hepatitis B infection. The reactive epi- 
topes on p542 were mapped with deletion mutants, which 
indicated that the glydne-rich 28-mer was the m^Jor anti- 
genic determinant, with lesser antibody responses to other 
epitopes. We conclude that normaUy there is an inability to 
generate IgG autoantibodies to the cross-reactive (mimick- 
ing) epitope of the p542 host protein, but that this inability 
Is overcome in a proportion of patients with autoimmune 
disease. We conclude also that non-cross-reactive autoepl- 
topes exist on p542 protein, to which IgG autoantibodies 
can commonly be formed In autoimmune disorders. The 
mechanisms responsible for the latter must involve different 
mechanisms than those responsible for autoantibodies to the 
mimicking epitope. (7. CUn, Invest 1995. 95:1316-1327.) 
Key words: autoimmunity • epitope • virus • scleroderma • 
lupus erythematosus 

Introduction 

Epstein-Barr nuclear antigen- 1 (EBNA-I )* is a nuclear antigen 
encoded by EBV, and it is universally present in EBV-infected 
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1. Abbreviations used in this paper: CMV, cytomegalovirus; EBNA-1, 
Epstein-Barr nuclear antigen- 1 ; gly/ala. glycine/alanine: IM. infectious 
mononucleosis; PSS. progressive systemic sclerosis; SjS, Sjdgren*s syn- 
drome; UC. ulcerative colitis; VCA. viral capsid antigen. 
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cells. It is critical to viral DNA replication and thus to viral 
persistence in host cells. It is also a potent antigen, its glycine/ 
alanine (gly/ala) repeat constituting its major antigenic site, as 
well as a basis for autoantibody production by mimicry (1, 2). 
We have previously noted in infectious mononucleosis (IM) 
that IgM autoantibodies are produced to numerous B cell anti- 
gens, and that most of them are inhibited by gly/ala synthetic 
peptides representative of EBNA-Ts gly/ala repeat ( 1 ). In the 
preceding paper (2), we reported that one of two recombinant 
B cell autoantigens recognized by IgM autoantibodies in IM, 
p542. contains a 28-mer sequence, GGGASGGGGGGGGSG- 
GGGSGGGGGGGSS, which is a mimicking epitope for the 
gly/ala repeat of EBNA- 1 . The 28-mer also is the major autoan- 
tigenic site in the p542 molecule. Similar Gly-rich epitopes 
exist in other manrunalian and viral proteins, and these may 
constitute other targets or inducers of anti-p542-like autoimmu- 
nity. 

Once infected by EBV, one carries the virus for the rest of 
one\s lifetime (3). Since all cells infected by the virus produce 
the EBNA-1 antigen. EBNA-1 must pose a constant threat of 
autoimmunization. Here we follow the course of the antibody 
response to the gly/ala peptide of EBNA-1, together with the 
autoantibody levels to p542, in students during acute IM and 
through the following year. We also examine the frequency 
with which the autoantibody to p542 can be found in nonnal 
populations and in autoimmune diseases. IgM anti-p542 contin- 
ues to be made long after acute IM. IgC artj-p5v2, however, 
develops infrequently during this time. IgG anti-p542 is also 
seen infrequently in normal controls, but it is found in high titer 
in subpopulations of several autoimmune diseases. 

The appearance in multiple autoinmiune diseases of IgG 
anti-p542. an autoantibody that can be atuributed to virus infec- 
tion and which is not explicable simply on the basis of poly- 
clonal B cell stimulation, constitutes a novel finding. 

In further studies, we have recognized two autoantigenic 
epitopes on p542 in addition to its mimicking 28-mer. Examina- 
tion of one of these epitopes suggests that it has no mimicry 
with any EBV-encoded antigen, and thus that p542 can be an 
active autoimmunogen on its own. We suggest that the autoim- 
munogenicity of this second epitope depends upon preexisting 
autoantibody to the original mimicking epitope. 

Methods 

Sera, Students wiih infectious mononucleosis were volunteers at San 
Diego State University, San Diego, CA, who agreed to repeated bleed- 
ings during their acute illness and in a followup period. Diagnosis of 
IM was based upon the presence of typical clinical presentation, blood 
smears, and positive heterophil tests. Viral capsid antigen ( VCA)-posi- 
tive and VCA-negativc controls were from 16- 17-yr-old volunteer stu- 
dents in l-a Jolla High School. La Jolla CA V.^ ..r - -uil control popula- 
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tions were composed of 29 healthy 20-50-yr-old volunteer hospital 
workers at Scripps Clinic and Research Foundation, La Jolla, CA, 6 
similar volunteers from Cedars-Sinai Medical Cento*, Los Angeles, CA, 
an additional 37 from the UCSD Medical Center in San Diego, CA, 
and 30 healthy ^ 70-yr-old volunteer Associates of die Sam and Rose 
Stein Institute for Research on Aging, UCSD. Sera of patients with 
SLE were provided by Drs. David Horwitz and Francisco Quismorio, 
University of Southern California Medical Center, Los Angeles, CA, 
Dr. John Hariey, University of Oklahoma Medical School, Norman, 
OK, and Dr. Hany Bluestein, Universit>' of California, San Diego. Sera 
from patients with progressive systemic sclerosis were from Dr. Thomas 
Medsger, University of Pittsburgh Medical School, Pittsburgh, PA; Sjd- 
gren's syndrome (SjS) from Dr. Robert Fox, Scripps Clinic and Re- 
search Foundation; ulceradve colitis and Crohn's disease from Dr. Ste- 
phan Taigan, Cedars-Sinai Medical Center; ankylosing spondylitis from 
Dr. David Yu, University of California, Los Angeles; Alzheimer's dis- 
ease from Dr. Robert Katzsman. University of California, San Diego; 
and chronic hepatitis B infection from Dr. Frank Chisari, Scripps Dinic 
and Research Foundation. Sera from patients with rheumatoid arthritis 
were collected by ourselves from individuals with advanced, long-stand- 
ing, active disease at Scripps Clinic and Research Foundation. Sera from 
patients with nondemyelinating neurological diseases were provided by 
Dr. Patrick Bray (4). 

Enzyme linked immunoeusays. ELISAs were carried out as pre- 
viously described (2). In brief, 96-well microtiter trays (C^star Corp., 
Cambri4ge, MA) were coated witfi antigen or peptide at a previously 
determined optimal concentration ( 10 Mg/ml), blocked with 1% bovine 
serum albumin, and probed with antibody applied in powdered milk for 
1 h at room temperature. The secondary antibody was rabbit anti- 
human IgM or IgG conjugated with horseradish peroxidase. A 1:100 
serum dilution was routinely used, having been shown to be regularly 
on the downslope of the titration curve and thus to provide a good 
measure of relative antibody concentration in various sera. For studies 
of antibodies to deletion mutants of pS42, the wells were coated with 
mutant antigen at 5 /4g/ml. Preliminary smdies using the mutants at 
concentrations varying from 3 to 30 /ig/ml revealed increasing OD 
values throughout tiiis range, but only Uie antibody binding to wells 
coated at die lower antigen concentrations could be inhibited by soluble 
antigen at 30 fig/ml or less, and therefore 5 figM was chosen for 
coating the wells to assay specifically for this inhibitable, higher affinity 
antibody population. 

Western blots. Extracts of bacterial or mammalian cells in Laemmli 
buffer were prepared as previously described (2). They were electro- 
phoresed in poiyacrylamide gels, transferred to nitrocellulose, blocked 
with powdered milk in borate buffered saline, probed widi purified 
antibody in powdered milk and 10% glycerol, and developed wiUi en- 
zyme-labeled goat anti-human IgG or IgM. 

Recombinant autoantigens. The pS42 and p554 autoantigens were 
prepared from Uie gene fragments, as described in a previous study (2). 
The ^-galactosidase fusion protein, p542-B, was isolated as a 70-kD 
product after electrophoresis in large acrylamide gels of lysates of bacte- 
ria carrying die gene in a pSEM expression vector ( 2 ) . The hexahistidine 
fusion proteins, pS42-H and pS54-H, were isolated on nickel colunuis 
from lysates of bacteria carrying the genes in pRSET expression vectors 
(Invitrogen, Inc., La Jolla, CA). The p542 gene fragment has been 
sequenced and is being reported separately (Rhodes, G. H.. J. R. Val- 
bracht, and J. H. Vaughan. manuscript in preparation). 

Preparation of deletion mutants of p542. Deletion mutants of p542 
were prepared using die p642 inserts in Uie pRSET expression vector, 
so that all mutants had NHi-terminal hexahistidine fusion partners (Fig. 
1 ). For the Dl mutant, the DNA was cut at an EcoNI restriction site 
in the insert and a Hindm site downstream in the plasmid, with subse- 
quent blunt ending and religation. For die D2 mutant, die DNA was cut 
at the Oal and EcoNI sites within the insert, with blunt ending and in- 
frame religation. For D3, the gene was cut at Clal and the downstream 
Hindlll site, with blunt ending and religation. JM109 bacteria were 
transformed with the respective mutant vectors and grown up with selec- 
tion media. Expression of the mutant proteins was confirmed in poly- 



p542 DELETION MUTANTS AND REACITVmES 

IgM ZfM IfO IgG 

SDSS SD41 E90 E77 

CIiI EcoNI 

p542 1— -1IIIX---I +H- +«. •f4-»- ++ 

Dl ixsit--- +H- 4+ +++ + 

D2 4H> -H- -M- 

D3 . ± - . 

Figure /. Diagrammatic display of die mutants prepared from the pS42 
gene, and the reactivities shown by four immunoaffinity-purified anti- 
p542 widi recombinant products from die mutants. The mutants Dl, 
D2, and D3 were prepared by Clal/HindlD, CHal/EcoNI, and EcoNI/ 
Hindlll cuts of pS42, widi blunt ending and religation (HindlD is down- 
stream in the plasmid). xxxxx, Gly-rich sequence. The relative intensi- 
ties of staining in Western blots shown at the right are also seen in 
Fig. 6. 



acrylamide electropliuivsiis uf ihe iysed bacteria. For initial evaluation 
of the reactivities of the mutant products with immunoaffinity-purified 
antibodies, crude lysates of die respective bacterial transformants were 
examined in Western blots. For later ELIS A studies of serum antibodies, 
the mutant products were isolated from the lysates by two cycles of 
absorption and elution from nickel columns, the first elution being car- 
ried out and pH 4.0 and die second in 300 mM imidazole at pH 6.3, 
with final purification by FPLC. 

Recombirmnt EBNA-L Recombinant EBNA-1 was expressed by 
transfecting monkey kidney (Cos?) cells in l(X)-mm petri dishes, usiiig 
an expression vector containing die S V40 early promoter and die EBNA- 
I gene (2). The plasmid was kindly provided to us by Dr. Elliott Kieff 
(Harvard Medical School, Cambridge, MA). 

Immunoaffinity purification of autoantibodies. Recombinant autoai)ir^ 
tigen was isolated on nitrocellulose strips after transfer firom polyaciryl-"^^ 
amide gel electrophoresis. The excised strips were used for absorption 
of autoantibodies from semm, as previously described (2). The autoanti-' 
body was eluted at pH 1 1 .5 and immediately neutralized in dihydrogen 
phosphate, 3% powdered milk, and 10% glycerol. 

Antigens and synthetic peptides. The antigens were the same as 
those used in the previous paper (2). Hie synthetic peptides used here 
were EBNA-I gly/ala (P62): AGAGGGAGGAGAGGGAGGAGC; 
EBNA-l62,_«5: GDDGDDGDEGGDGDE; CMV EA (C2): SSSSAG- 
GGGGGAGGGGGGGGSGG; and pS42 21-nier GGGGGGSGGGGS- 
GGGGGGGSS. 

Results 

Lack of IgG anti-p542 during and after acute infectious mono- 
nucleosis. To evaluate the times of appearance of IgM and IgG 
anti-p542, and of antibody to a gly/ala peptide, r62, represent- 
ing the numicked region of EBNA-1, 14 volunteer college stu- 
dents with IM were bled during their acute ilbiesses and serially 
thereafter for up to 14 mo. All were heterophile antibody posi- 
tive. The students remained ambulatory, returning at intervals 
to make blood donations during followup. Fig. 2, top^ illustrates 
the levels of their IgM anti-p542 autoantibodies. These were 
high in the acute disease and fell somewhat by the third month, 
but they generally persisted elevated at about this level for the 
remaining period of observation. This persistence lasted well 
into the period when niost patients were aheady showing a 
considerable rise in IgG antibody to the gly/ala (EBNA-1 ) 
peptide, P62 (Fig. 2, bottom). 

Despite the rise in IgG anti-P62 peptide, IgG anti-p542 was 
infrequently seen (Fig. 2, middle). Two students had low levels 
of IgG anti-p542 during the acute episode, but both lost this by 
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Figure 2. Serial observations of 
antibody levels by ELISA dtiring 
and in convalescence from acute 
infectious mononucleosis. All pa- 
tients were heterophile positive at 
initial diagnosis. The individual 
whose values peaked at 6 mo was 
the same in all three panels. 



the first follow-up bleeding. Both of these students had very 
much higher IgM than IgG anti-p542 on these occasions. One 
student developed a striking elevation of IgG anti-pS42 at the 
6-mo follow-up, with a decline thereafter. This student also had 
a parallel rise and decline in his IgM anti-p542. Two other 



students showed small rises in IgG anti-p542 at about a year. 
On review of the student health clinic records, there were no 
remarkable symptomatic features, or routine clinical laboratory 
findings, to match these anti-p542 changes. 

IgG autoantibody to a different and nonmimicking autoanti- 
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Table I. Autoantibody (Anti-p542) and Antibody (anti'p62 andAnti-Cl) Titers in Autoimmune Diseases and Controls 











IgO Anti-p542H-G 






IgG Anti-p62 




IgG Ami-C2 


Scrum sources 


No. 


Mean 


SD 


SEM 




>3 SD 


Mean 


SD 


SEM 


Mean 


SD 


SEM 


La Jolla control 


29 


0.036 


0.069 


0.013 


) (3.4%) 


1 (3.4%) 


1.143 


0.552 


0.102 


0.087 


U.I Z f 




San Diego control 


37 


0.014 


0.044 


0.007 


1 (2.7%) 


1 (2.7%) 


1.264 


0.640 


0.105 


0.021 




A AAy( 

U.UU4 


L.A. control 


6 


0.055 


0.126 


0.051 


1 (16.7%) 


0 (0.0%) 


1.509 


0.250 


0.102 


0.028 


U.UDl 


A AK 


^70 yr control 


32 


0.049 


0.170 


0.030 


2 (6.3%) 


2 (6.3%) 


1.498 


0.332 


0.059 


0.051 


A lAI 

u.io^ 


A Ain 
U.U2V 


Cord blood 


9 


0.110 


0.253 


0.084 


1 (11.1%) 


1 (11.1%) 


0.741 


0.573 


0.191 


0.000 


U.UUU 


A AAA 
U.UUU 


VCA negative 


IS 


0.000 


0.000 


0.000 


0 (0.0%) 


0 (0.0%) 


0.050 


0.112 


0.029 


0.000 


U.UUU 


A AAA 
U.UUU 


VCA positive 


24 


0.068 


0.070 


0.014 


2 (8.3%) 


0 (0.0%) 


1.274 


0.846 




0.050 


0.155 


0.032 


Strept throat 


9 


0.011 


0.020 


0.007 


0 (0.0%) 


0 (0.0%) 


1.148 




n IOC 


0.000 


0.000 


0.000 


IM 


20 


0.123 


0.215 


0.049 


4 (21.1%) 


4(21.1%) 


0.250 


0.444 


nnoo 


0.021 


0.040 


0.009 


PSS (Pittsburgh) 


40 


0.440 


0.721 


0.114 


15 (37.5%) 


14 (35.5%) 


1.784 


0.379 


u.uou 


0.533 


A Q 1 O 


0.129 


Ulcerative colitis 


12 


0.419 


0.691 


0.199 


4 (33.3%) 


4 (33.3%) 


1.010 


0.717 




0.204 


A COC 


0.169 


SLE (Horwitz) 


20 


0.405 


0.575 


0.129 


10 (50.0%) 


9 (45.0%) 


0.938 


0.81 1 


A IftI 

U. lOl 


0.024 


A (V10 

U.U78 


0.018 


SLE (Harley) 


86 


0.214 


0.438 


0.047 


24 (27.9%) 


17 (19.8%) 


I.GiS 


U.D^ / 


U.UOo 


0.078 . 


0.287 


0.031 


SLE (Bluestein) 


66 


0.097 


0.274 


0.034 


7 no 6%) 


6(9.1%) 


1.022 




O.U/V 


0.024 


0.049 


0.006 


Sjdgren's syndrome 


49 


0.256 


0.528 


0.075 


13 (26.5%) 


12(24.5%) 


1.094 


0.686 


0.098 


0.098 


0.251 


0.036 


Ankylosing 
























spondylitis 


12 


0.227 


0.260 


0.075 


4 (33.3%) 


4 (33.3%) 


1.474 


0.216 


0.062 


0.021 


0.032 


0.009 


Rheumatoid arthritis 


37 


0.225 


0.456 


0.075 


9 (24.3%) 


8(21.6%) 


1.271 


0.558 


0.092 


0,039 


0.111 


0.018 


Crohn's disease 


12 


0.190 


0.378 


0.109 


3 (25.0%) 


3 (25.0%) 


1,243 


0.633 


0.183 


0.112 


0.320 


0.092 


Alzheimer 


12 


0.147 


0.182 


0.053 


3 (25.0%) 


1 (8.3%) 


1.534 


0.165 


0.048 


0.020 


0.051 


0.015 


Hepatitis B 


28 


0.101 


0.069 


0.013 


5 (17.9%) 


I (3.6%) 


1.242 


0.603 


0.114 


0.017 


0.051 


0.010 


Non-MS neurological 
























disease 


15 


0.085 


0.169 


0.044 


1 (6.7%) 


1 (6.7%) 


0.841 


0-497 


0.128 


0.005 


0.009 


0.002 



Underiined means are significantly different {p s 0.05) from the La Jolla controls. The Alzheimer^s disease means were not significantly differem 
from the a70 yr controls. 



gen, p554. (2) was elevated already at the first bleeding during 
acute IM in most patients (not shown), indicating that there was 
no general impairment in the ability to make IgG autoantibodies 
during the infection. 

IgG anti-p542 in autoimmune diseases. The sera from 
VCA* and VCA" 16-17-yr-old high school students. 20-50- 
yr-old healthy volunteer hospital woricers, and 70-90-yr-old 
healthy volunteers had very little IgG anti-pS42 reactivity (Ta- 
ble I and Fig. 3). By contrast, patients with progressive systemic 
sclerosis (PSS) and ulcerative colitis (UC), had strikingly ele- 
vated mean titers of IgG anti-p542; and patients with Cix)hn*s 
disease, rheumatoid arthritis, Sjogren's syndrome, and ankylos- 
ing spondylitis had intermediate mean titers. Three separate 
scries of SLE patients had high, intermediate, and low mean 
titers (discussed below). Patients witii Alzheimer's disease, 
chronic hepatitis B infection, and nondemyelinating neurologi- 
cal diseases had the least antibody. The anti-p542 data are pre- 
sented in Table I both as mean titers for each group, and as 
frequencies with which values a: 2 and & 3 SD above the nor- 
mal 20-50-yr-old controls were found. 

in each of the autoinmiune groups, many of the sera had 
IgG anti-p542 levels that actually were negative for the autoanti- 
body, or within the normal range, but subgroups within each 
had very high levels. This is graphically demonstrated for PSS, 
SLE, and UC as compared witii other groups in Fig. 3, and by 
the frequencies with which values ^ 3 SD of the normal mean 
were seen in these and other autoimmune patients in Table I. 

In previous studies (5), we noted diat cytomegalovirus 



(CMV) infection can generate IgM autoantibodies with reactiv- 
ities in Western blots resembling those of the IgM autoantibod- 
ies generated during EBV infection; and we have noted (Fig. 
10 in reference 2) that CMV as well as other cxocenous agents 
encode proteins which have glycine-rich sequences which are 
reasonable candidates for inducing anti-p542 autoantibodies. 
We wished, therefore, to get some estimate of whether either 
EBV or CMV might be associated witii the IgG anti-p542. 
Therefore, we assayed by ELISA the titers of antibody to tiie 
EBNA-1 gly/ala peptide, P62, and die CMV early antigen pep- 
tide. C2 (Table I). Except for PSS. antibody to die CMV early 
antigen peptide was negative in almost all sera, there being no 
more than a single positive serum in each disease group. In PSS, 
however, significant anti-C2 titers occurred in 15/40 (38%) of 
the sera, the mean for the entire group being O.S33 OD. Within 
the PSS group there was no relation of die anti-C2 titer to die 
anti-p542 titer. 

Anti-P62 was present in essentially all the patients' sera. 
Here too, there was no good correlation between the anti-P62 
titer and the anti-p542 titer, except that for the vast majority of 
die sera tiie anti-p542 titer fell witiiin die anti-P62 titer of die 
same serum (only 22 of 134 doubly positive sera had anti-p542 
titer higher than anti-P62 titer, as opposed to a theoretical SO- 
SO distribution for unrelated antibodies. 16.3, P < .0001. 
assuming equal sensitivities of the assays). This distribution is 
consistent with most anti-p542 autoantibodies being subcompo- 
nents of the anti-P62 antibodies. This possibility is more direcdy 
supported by data shown below in Figs. 4 and 7. 
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Figure 3, Titers of IgG anti-p542 
by eLiSA in norma] VCA~ and 
VCA * teenage controls, nonnal 
hospital employee volunteers 20- 
50 yr old, college students with 
infectious mononucleosis or strep 
throats, and patients with systemic 
lupus erythematosus, progressive 
systemic sclerosis, or ulcerative 
colitis. The SLE patients were 
from Dr. Horwitz (see Table I). 



Specificity of IgG anti'p542. Seven SLE, one RA, two IM, 
and two norma! sera were selected for immunoaffinity purifica- 
tion of their IgG anti-p542 autoantibodies. Tlie autoantibodies 
were adsorbed onto p542-B, a 70-kD )d-galactosidase fusion 
protein of p542 purified by gel separation and electrotransfer 
to nitrocellulose, as described in Methods. The autoantibodies 
eluted from this nitrocellulose-bound p542 were tested in 
ELISA against p542-H. a hexahistidine fusion protein of p542. 
which had been purified by adsorption and elution from a nickel 
column. All sera had been preabsorbed with extracts of E. coli 
carrying plasmids with antisense DNA inserts as a precaution 
against detecting IgG antibodies to £. coH products. 

The immunoaffinity-purified IgG anti-pS42 was highly spe- 
cific (Table II). There was no cross-reactivity with keratin. 



which had been a major cross-reacting protein for IgM anti- 
p542 in our studies in the preceding paper (2), npjr with any 
of the unrelated proteins and peptides tested, with the single 
exception of an anti-Hsp60 reaction in the normal serum AS47. 
Two of the seven SLE anti-p542 reacted with the P62 and P60 
gly/ala peptides. Thus in ELISA the IgG autoantibodies were 
highly specific for p542, but in only two cases could they be 
clearly associated by this method with a gly/ala reactivity. 

Anti-EBNA'I reactivity of anti-p542. The weakness of the 
reactivity of anti-p542 with the gly/ala peptides in ELISA put 
in question whether anti-pS42 does in fact cross-react with 
EBNA-1. We, therefore, examined more directly this presumed 
relationship by testing immunoaffinity-purified preparations of 
anti-p542 against recombinant EBN A- 1 . The EBNA-I was pre- 



Tabie 11. Reactivities of immunoaffinity-purified IgG Anti-pS42-B from Various Sera with p542-H and Other Antigens 



Antigens 



Scnim wurves 



R.A 



IM 



Sl^ 



AS47 



VCA + AG 



IRA20 



SD89 



AIMl 



E77 



E90 



E92 



SLE 1 3 



SLEI8 



S1£I9 



p342H 


0.829± 


.009 


0.62 1± 


.014 


1.735 


±.078 


I.I33£ 


.017 


0.350£.028 


2.024+ 


.034 


1.I09± 


.020 


O.880t 


.032 


l.752± 


.053 


0.637± 


.020 


1.975£ 


.023 


p554-H 


0.037£ 


.002 


0.073± 


.013 


0.084 


£.007 


0.058£ 


.007 


0.061 £.009 


0.009± 


.001 


0.000± 


.008 


0.000± 


.001 


0.073 £ 


.010 


0.062± 


.003 


0.062£ 


.003 


Keraiin 


0.0581: 


.011 


0.036± 


.004 


0.036 


£.007 


0.055£ 


.013 


0.067£.009 


0.000± 


.004 


0,000± 


.014 


0.000£ 


.001 


0.033 £ 


.004 


0.055£ 


.005 


0.053± 


.017 


P60 


0.000± 


.008 


0.060± 


.003 


0.072 


£.009 


0.077£ 


.011 


0.070±.OI3 


0.006£ 


.001 


0.1 42± 


.019 


0.0I2£ 


.001 


0.000£ 


.011 


0.027± 


.006 


0.275± 


.005 


p62 


O.OI6t 


.011 


0.051 ± 


.005 


0.058 


£.008 


0.048£ 


.007 


0.099£.0I0 


0.016± 


.004 


0.375 £ 


.018 


0.003± 


.003 


0.000£ 


.007 


0.041 ± 


.001 


O.S18£ 


.007 


p89 


0.006± 


.040 


O.I37± 


0.24 


0.130 


£.009 


0.1 50£ 


.022 


0.161 ±020 


o.noo£ 


.001 


0.000± 


.009 


0.002± 


.006 


0.024£ 


.022 


0.016± 


.006 


0.007£ 


.006 


Human collagen II 


0.000± 


.004 


0.000± 


.004 


0.000 


£.007 


0.000£ 


.002 


0.000±.018 


0.006± 


.018 


0.02 1£ 


.010 


0.000± 


.018 


0.000£ 


.006 


0.000£ 


.005 


0.000± 


.003 


Thyioglobulin 


0.1 39± 


.009 


0.034± 


.008 


0.000 


£.005 


0.081 ± 


.006 


0.021 ±.016 


0.000± 


.008 


0.G00± 


.010 


0.000£ 


.005 


0.015£ 


.008 


0.027± 


.007 


0.044± 


.003 


Human Hsp60-ll 


0.2I6± 


.028 


O.I63± 


.020 


0.035 


£.005 


0.150£ 


.016 


0.035±.011 


0.000± 


.013 


0.000£ 


.010 


0.000± 


Oil 


0.048£ 


.011 


0.074£ 


.007 


O.I21± 


.020 


gioEl 


0.01 1± 


.006 


0.003± 


.003 


0.131 


£.003 


0.000£ 


.004 


O.I99±.008 


0.028£ 


.011 


0.000£ 


.006 


0.000± 


.011 


0.023 ± 


.006 


0.003£ 


.002 


0.005£ 


.004 


Pneumococcus 


0.000t 


.003 


0.000± 


.001 


0.000 


£.001 


0.000£ 


.001 


0.000±.005 


0.000± 


.003 


0.000± 


Oil 


0.000£ 


.001 


0.000± 


.008 


0.000£ 


.001 


0.000£ 


.001 


Actin 




















0.000± 


.UUl 


0.0U0£ 


.UU8 


U.000± 


.006 














Insulin 




















0.000£ 


.002 


0.000£ 


.012 


0.000£ 


.004 
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Antibody Probes 
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Figure 4, Western blot 
reactivities of immunoaf- 
finity-purified IgG anti- 
p542 from SLE sera E77. 
E90. and E92 probed ^ 
against an extract of 
< EBNA-I cOS-7 celU transfected 
with EBNA-1 DNA 
( right ) . Reactivities with 
an extract of non- 
transfected COS-7 cells 
is shown in the left panel. 
A standard anti-EBNA-1 
antibody (G.R.) was 
used for positive ictenti- 
fication in the lane 
marked EBNA-I. Molwt 



(MW) markers are at 1 16, 97, 66. 45, and 29 kD. 



pared from a lysate of monkey kidney cells (Cos?) transfected 
with the EBNA-1 gene (Methods). Extracts of the transfected 
cells were electrophoresed in polyacrylamide, transferred to ni- 
trocellulose, and probed by the immunoaffinity-purified anti- 
pS42. For controls, nontransfected monkey kidney cells were 
similarly grown, extracted, and submitted to Western blotting. 

Presented in the left panel of Fig. 4 are Western blots with 
the control cells probed with the anti-pS42; in the panel on the 
right are Western blots with the transfected cells. La:ies EBNA- 
I show the negative and positive reactions of the control and 
transfected cell preparations probed with a prototype IgG anti- 
EBNA-1 senim (G. Rhodes). Lanes 7-i were probed with 
anti-p542 from three SLE sera and developed with an anti- 
IgG reagent. All three showed very strong reactivity with the 
recombinant EBNA-1. Additionally, the anti-p542 from E90 
reacted with multiple bands in die nontransfected monkey kid- 
ney cells, indicating that autoantigenic configurations similar to 
ones in the human p542 are present also in this nonhuman 
primate. 

Since anti-gly/ala reactivity had not been prominent in the 
ELISA data in Table I, the strengths of reactivities of the IgG 
anti-p542 with the recombinant EBNA-1 in Fig. 4 were at first 
unexpected. We, therefore, wondered whether these reactions 
might be based upon mimicking sequences between EBNA-1 
and p542 that were additional to the gly/ala-28-mer mimic. We 
repeated the above Western blots using EBNA-1 as antigen, but 
preincubated the purified autoantibodies in (a) buffer control, 
(b) keratin, (c) a synthetic 15-mer peptide from EBNA-1 (resi- 
dues 62 1 -635 ) containing a pentamer DDGDE that is common 
to p542 and EBNA- 1 and therefore potentially a second mimick- 
ing epitope, (d) a synthetic 21-mer peptide representing the 
downstream residues of the glycine-rich 28-mer in p542, or (e) 
the P62 gly/ala synthetic peptide of EBNA-1. The peptides 
were used in final concentrations of 10 /ig/ml. The P62 peptide 
completely inhibited the reactions of all three of the autoanti- 
bodies witii EBNA-1 (Fig. 5), and die 21-mer peptide of p542 
was next most potent Keratin was a weak inhibitor, and the 
DDGDE-containing peptide was completely inactive. Thus no 
additional epitopes could be demonstrated. IgG anti-p542 ap- 
pears to react with EBNA-1 entirely through its gly/ala-28-mer 
cross-reacting specificity. 

Multiple autoepitopes on p542. Although anti-p542 reacts 
with EBNA-1 purely on the basis of its anti-28-mer reactivity. 




£77 



t90 



E92 



Figure 5. Inhibition of 
the reactivities of the IgG 
anti-p542 preparations il- 
lustrated in Rg. 4. Kera- 
tin, the EBNA-l peptide 
621-635 (see text), a 
peptide consisting of the 
C-terminal 21 residues of 
the pS42 28-mer. and dk * 
Gly/Ala peptide P62 
were preincubated at 10 
Mg/ml and 3TC tor 1 h 
with the IgG anti-pS42 
preparations. These, with 
uninhibited controls, 
were then used to probe 
Western blots of the 
EBNA-l-transfected 



COS-7 cells. The first set of five lanes was probed widi the inhibited 
and control anti-pS42 preparations from E77, the second with similar 
preparations from E90. and the third from E92. Mol wt (MW) markers 
are the same as in Fig. 4. 



additional autoantigenic epitopes were not ruled out by this. To 
look for other epitopes on p542, deletion mutants of the p542 
gene were prepared. Clal and EcoNI restriction sites are piesent 
on either side of tfie glycine-rich 21-mer in p542 (Fig. 1), and 
they are not present elsewhere in the gene or in the pRSET 
vector. These therefore were used for preparation of deletion'' 
mutants. Dl and D3 mutants were obtained by combining '^ 
EcoNI and Clal cuts, respectively, with a Hindm cut down-' 
stream in the multiple cloning site of the plasmid, then bluiit? 
ending and religation. D2 was a Clal/ EcoNI cut with an in-^ 
frame religation. All three mutants were very well expressed, 
giving excellent bands in Western blots when stained with 
amido black, and obtained in yields of 800, 255, and 690 fig 
from nickel colunms with 50 ml starting vol of bacterial culture.' 
At the right in the figure are depicted the three patterns of 
reactivity that we found in Western blots, using immimoaffinity- 
purified IgM or IgG anti-p542 to probe lysates of bacteria con- 
taining the deletion mutants. 

Among nine IgG anti-p542 preparations from sera of pa- 
tients with SLE, all showed reactivity with Dl and most witii 
D2, as illustrated for E77 and E90 in Fig. 6, bottom. None 
showed reactivity with D3. All of four immunoaffinity-purified 
IgM anti-p542 preparations that had previously shown strong 
cross-reactivity with keratin (Table II in reference 2) reacted 
in Western blots exclusively witii Dl, as shown for SD55 in 
Fig. 6 top left. Botii tiie SD30 and SMI IgM anti-p542 tiiat had 
reacted poorly or not at all with keratin (Table 11 in reference 2) 
reacted with both Dl and D2 (shown for SD4I, top right). 
Both also reacted minimally with D3. 

The deletion mutants were purified from the bacterial lysates 
by adsorption and elution from nickel columns and secondary 
FPLC to clear them of residual contaminating bacterial protein 
(as assessed with an anti-£. coli reagent, see Methods), and 
then used in ELISA to assay whole sera for autoantibody activ- 
ity (Fig. 7). Most sera, whatever tiieir source, tiiat had pre- 
viously exhibited IgG anti-p542 had IgG reactivity predomi- 
nantiy with the Dl mutant containing the 28-m^. IgG reactivity 
with the D2 mutant was seen in some sera, but almost always 
at a lesser titer than shown by the anti-Dl reactivity. IgG anti- 
D3 reactivity was least conunonly seen. 
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Ign Antl-p542 (SD41) 



„^ 01 02 03 p542 




IgG Ant1-p542 (E77) 



Figure 6. ReacdvitiL'S of irnmu- 
noafRnity-purified anti-pS42 with 
deletion mutants (see Fig. 7) in 
Western blots. Cnide lysates of 
uninduced (u) or induced (i ) bac 
teria Cransfoniied with the pRSET 
expression vector canying Dl, 
D2. D3, or pS42 inserts were elec- 
trophonesed in polyaaylanude. 
After transfer to nitrocellulose, the 
strips vfCK probed with the anti- 
p542 preparations. Bands reactive 
across all lanes are due to anti-£l 
coli antibodies contaminatiag the 
anti-pS42 preparations. SD55 re- 
acted with Dl alone. £90 and £77 
reacted with both Dl and D2. 
SD41 shows a very faint reaction 
with D3, as well as with Dl and 
02. Mol wt {MW) markers were 
at 66, 45, 36. 29, and 24 kD. 




Ign Antl-p542 (S055) 




ige Antt-p542 (£90) 



Anti-DU -D2, and -03 during and after acute infectious 
mononucleosis. We reexamined the reactivities of the sera of 
the 14 patients shown in Fig. 1 during and after acute infectious 
mononucleosis for their reactivities with the deletion mutants. 
High levels of IgM autoantibody reactivity were seen to all 
three mutants (Fig. 8). The values were high Initially and con- 
tinued to be elevated, but at a somewhat lower level, throughout 
the follow-up. The strengths of the reactivities followed the 
general order Dl > D2 > D3. Except for SD30 and SD41, 
these IgM anti-D2 and anti-D3 reactivities had not been evident 
in Western blots (see Fig. 8). Since the ELISAs were carried 
out with whole sera and the Western blots with inununoafiinity- 
purified autoantibody, we interpret the difference to be due to 
the presence in the sera of low affinity as well as higher affinity 
autoantibodies, but with retention of only the higher affinity 
autoantibodies during the process of immunoaffinity purifica- 
tion. 

In the teenage controls (see Table I and Fig. 2), there was 
also IgM reactivity for all three mutants, and this was true for 
some VCA~ as well as the VCA"^ sera (data not shown). 

IgG autoantibody to the mutants was absent or in veiy low 
titer in the 14 IM patients. High titered anti-Dl occurred only 
in a single individual, and only transiently. This was the same 
individual who had shown the transiently elevated anti-pS42 
previously (Fig. 2). Lesser rises in IgG anti-Dl occurred at 12 
mo in two other individuals, again the same two as for anti- 
p542 in Fig. 2. There was little or no IgG reactivity with D2 
or D3. 

Lack of mimicry of the D2 epitope with EBV antigens. IgG 
anti-D2, which was present in significant quantity in the SLE 
sera E77 and E90 (see Fig. 6), did not react with recombinant 
EBNA-1. This was clear from the inhibition studies in Fig. 4, 
in which the reactivities with EBNA-1 of the anti-p542 in both 
E77 and E90 were completely inhibited by P62. Thus anti-D2 
does not react with EBNA-1. 

To test whether anti-D2 cross-reacts with some other EBV- 



encoded antigen, we reacted immunoaffinity-purified anti-p542 
from four sera known to have significant quantities of anti-D2 
(one IgM and three IgG autoantibodies) in Western blots with 
lysates of P3HR1 and B95-8 B lymphocytes befoie and after 
their activation by PMA and butyrate to induce virus production. 
Lysates of the non-EBV-infected B lymphocyte'^ JAB, also 
before and after PMA and butyrate, were used as negative con- 
trols. The anti-p542 preparations were used as probes with and 
without inhibition by P62 or D2. In no case did we find the . 
emergence of any new band reactive with anti-D2 in the acti- 
vated lysates (data not shown). . . 

Discussion 

Consistent with our earlier experience in a general analysis of 
cross-reacting lymphocyte autoantigens by Western blots (1), 
IgG autoantibody to the recombinant protein p542 was usually 
very low or undetectable during convalescence from IM, even 
though IgG anti-gly/ala (anti-EBNA-l ) antibodies non -cross- 
reactive with pS42 developed abundantly. The systems that nor- 
mally disallow switch to IgG of anti-gly/ala autoantibodies in 
convalescence from IM may include T cell suppressors, specific 
T cell cytotoxicity, downregulation of specific T cell receptor 
molecules, and suppression by antiidiotypic antibody or T cells 
(6-11), and also simple lack of development of anti-p542 spe- 
cific T cells. Whatever the mechanism, B cells themselves must 
be central to the process, since the process involves recognition 
of very precise conformational specificities, i.e., those that dif- 
ferentiate Gly/Ala configurations that are and are not similar 
to ones present in the p542 28-mer. Antibody alone can do this. 

As has been demonstrated for other autoantibodies (12- 
15), the anti-p542 response probably begins with poiyreactive 
early B cells with low affinity sIgM. For anti-pS42, the polyreac- 
tivity must include cross-reactivity between configurations in 
the gly/ala repeat of EBNA-1 and configurations in the Gly- 
rich 28-mer of p542. Expansion of B cells with this cross- 
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f/^«rf 7. Reactivities in ELISA 
of anti-p542 positive sera from pa- 
tients with PSS, systemic lupus err 
ythematosus (O^), and Sj5gFen*s 
syndrome (5/5) with the D!, D2, 
and D3 mutants of p542. To elimi- 
nate any possible anti-E coli anti- 
bodies from the assay, all sera ' 
were preabsorbed with lysates of 
bacteria transformed with the 
pRSET vector carrying antisense 
inserts. The mutants were isolated 
by two cycles of elution from 
nickel columns (Methods), fol- 
lowed by FPLC, and used at 5 fig/ 
ml to coat the ELISA plates. 



reactivity— to give high IgM anti-p542 levels during acute 
IM— may occur initially by a T cell -independent, but EBNA- 
I -dependent tnmiunization. (The mechanism for a T cell-inde- 
pendent B cell stimulation could be direct cross-linking of anti- 
gly/ala sIgM by the EBNA-1 gly/ala repeat. This repeat is 
poorly or not at all digested by tissue proteases, and it is long 
enough to display the same epitope several times. The entire 
P62 sequence, for instance, is present three times in the repeat, 
and shorter gly/ala sequences appear many more times than 
that.) The switch from IgM to IgG, however, would require T 
cell help, and this help must be given precisely to those B cells 
with p542/EBNA-l cross-reactivity. Focus on this cell can be 
brought about only by the B ceiPs sig binding die p542 autoanti- 
gen itself or, alternatively, EBNA-1 through those gly/ala epi- 
topes of EBNA-I that are cross-reactive with p542. Subsequent 
internalization of the p542 or . EBNA-1, and presentation of 



their respective peptides, would allow for T cell response and 
stimulation of the B cells. . 

However, anti-EBNA- 1 -specific T cells have not been de- 
tectable in acute IM ( 16, 17); they emerge only later in conva- 
lescence. Anti-p542 specific T cells are probably also very infre- 
quent, although this has not yet been directly investigated. So 
a strong system for generating an IgM-*IgG shift for p542, 
either through EBNA-1 or through p542, probably does not 
exist during acute IM. Such a T cell deficiency may alone 
explain the infrequency of isotype shift, but the effect also could 
be to make the switch exquisitely sensitive to suppressor factors. 
Further studies will be needed to differentiate between these 
possibilities. 

Multiple autoantigenic epitopes on p542. The p542 autoan- 
tigen has multiple autoepitopes, as is true also for other autoanti- 
gens ( 18-23 ). The principal epitope is the glycine-rich 28-mer, 
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which is in the Dl deletion mutant. When anti-p542 shifts to 
IgG, which generally occurs long after acute infection and often 
in conjunction with some autoimmune disease, the shift always 
includes autoantibody to the cross-reactive DI. It includes anti- 
twdy to the non-cross-reactive epitope D2 in about half the 
sera and to D3 in about 10% of sera. This order in frequency 
follows die general order of the respective IgM titers of the 
autoantibodies in acute and convalescent IM sera (Fig. 8), and 
we interpret this to reflect the relative precursor frequencies for 
B cells carrying these reactivities. 

The autoantigenicity of die Dl epitope is based on its mim- 
icry with EBNA-1. The D2 epitope appears to be non-cross- 
reactive, neidier with EBNA-1 nor with otfier EBV-generated 
proteins. Hius the mode of IgG anti-02 induction must differ 
from that of anti-Dl . The evidence we present here for its non- 
cross-reactivity is that anti-pS42 sera containing IgG anti-D2 
did not react detectably with recombinant EBNA-1 tiirough die 
anti-D2 component (Figs. 4 and 5), nor widi extracts of P3HR1 
cells that had been induced to productive viral infection by 
PMA and sodium butyrate. Thus die development of IgG anti- 
D2 may be an example for autoantibodies of the epitope spread- 
ing described by Lehmann et al. (24) for autoreactive T cells 
in animals inununized with myelin basic protein. 

We view diat epitope spreading to D2 may operate in the 
following manner. IgG anti-D2 induction must depend initially 
upon precursor B cells with low affinity anti-D2 sIgM reactivity. 
Effective binding of p542 by diese anti-D2-specific B cells 
will not likely be possible, however, except by complexing of 
the pS42 molecule widi antibody to the 28-mer, thus generating 
multivalency for D2. Consequent enhancement of binding, in- 
ternalization, and presentation of p542 peptides to T cells, affin- 
ity maturation, and isotype switch would result. In this scheme, 
the development of non-cross-reactive anti-D2 is dependent on 
preexisting cross-reactive anti-Dl. TTiis scheme of anti-pS42 
production is susceptible to testing in an animal model, and it 
may prove generally descriptive of other autoantibody produc- 
tion. :> 
The scheme assumes that pS42 gets into the extracellular 
space, where p542 could bind anti-D2 reactive B cells. We have 
so far not detected p542 by flow cytometry as a surface antigen 
(not shown), and we have not tested for it in extracellular body 
fluids. There is precedent, however, among other intracellular 
autoantigens for tfieir sometimes occurring extracetluiariy, i.e., 
bodi myelin basic protein and thyroglobulin have been directly 
demonstrated in die circulations of nonnal persons (25, 26). 
Other observations also are pertinent: (a) autoantibodies to in- 
tracellular antigens in autoimmune diseases are usually IgG in 
isotype, which most likely means that autoreactive B cells have 
picked up die autoantigen extracellularly and dien themselves 
acted as autoantigen-presenting cells to T cells; (b) autoantibod- 
ies to intracellular as well as extracellular autoantigens exhibit 
mutational changes characteristic of antigen-driven inunune re- 
sponses ( 13, 27, 28), ^hich also probably means presentation 
of extracellular autoantigen; and (c) the multiplicity of autoepi- 
topes on most autoantigens is difficult to explain simply by 
mimicry and probably means that there are potentially autoim- 
munogenic epitopes on most of them. 

The studies of Lin et al. (29), and Mamula et al. (30), 
strikingly illustrate the impoitance of extracellular autoantigen 
in the development of T cell autoinununity in the mouse. These 
workers showed that, while human cytochrome c injected into 
mice can induce antibody cross-reactive with mouse cyto- 



chrome c, there was no accompanying T cell autoimmune re- 
sponse unless mouse cytochrome c was also included in the 
immunizing injections. 

IgG anti'p542 in autoimmune diseases. Although IgG anti- 
p542 was seen infrequentiy, and only in low titer, in normal 
control populations, high titers were seen in subsets of several 
autoimmune diseases. The highest mean titers were in PSS and 
in UC. Varying mean titers occurred among three SLE groups; 
and die lowest values were in chronic hepatitis B infection, 
Alzheimer's disease and nondemyelinating neurological disease 
controls. We do not yet know definitively why the elevated 
anti-p542 autoantibody responses occur the in autoimmune dis- 
eases, but die skewing of die distribution of tilers of anti-p542 
towards diose of anti-P62 suggests diat diese two are related to 
each other. 

A simple interpretation diat die anti-pS42 in these diseases 
is based on polyclonal B cell activation is not adequate, since 
all the patient groups had comparable mean titers of antibody 
to both GroEL and pneumbvax antigens, except RA and SjS 
which were lower (Vaughan, J. H., M.-D. Nguyen, and G. H. 
Rhodes, manuscript in preparation). Furthermore, the mean ti- 
ters of these two antibacterial antibodies were not signiflcandy 
different between sera with abnormally elevated anti-p542 titers 
( > 2 SD above the normal mean), as compared to those below 
this level, within each patient group. 

One possibility for the elevated anti-p542 levels is that EBV 
induces the disease in a proportion of patients in each autoim- 
mune syndrome, and dial die IgG anti-p542 is a marker of EBV 
induction in diose patients. Alternatively, die IgG anti-p542 is 
not a marker of a specific inducing agent, but of the fact that 
each of the diseases has an impaired ability to suppress die 
expansion of EBV-infected B cells.' as has been shownTfbr sev- 
eral of them (31-33). with consequent autoimmunization by 
resident EBNA-1. A diird possibility is that odier microbial 
antigens cross-reactive with p542 may play inductive roles inde- 
pendent of EBV. Finally, die appearance of IgG anti-p542 may 
be determined by whether the Individual's HLA class H mole- 
cules are capable of presenting the appropriate p542 peptides 
for T cell help. 

PSS, which had die highest anti-p542 tilers, is a disease diat 
is characterized by antitopoisomerase 1, antinucleolar. anticen- 
tromere, and antiflbrillarin autoantibodies, among others (34). 
Of these, fibrillarin has in it a giycine-rich 22-mer (35) with 
77% identity to p542. We have not yet determined whether this 
homology is the basis for the high anti-pS42 or high anti-C2. 
Neidier EBV nor CMV has generally been considered to be an 
inducing agent in PSS, nor has any other infectious agent been 
so considered: However, in view of the close relationship that 
anti-p542 has to antibody to the EBNA-l gly/ala peptide P62, 
and the independendy elevated antibody to the CMV peptide 
C2. this tradition perhaps should be reexamined. 

The number of sera of patients with ulcerative colitis we 
have examined is loo small for conclusions to be drawn about 
our findings. Nevertheless, it is of note that Farmer et al. have 
reported high anli-CMV titers in UC blood (36), and Wakefield 
et al. described the detection by nested polymerase chain reac- 
tions of EBV and CMV DNA in 16 and 17, respectively, of 21 
biopsies of UC colonic tissue (37). Our additional finding in 
this small series of high anti-p542 tilers encourages further 
investigation in the area. 

The diree SLE series brings up other important considera- 
tions. Anti-p542 was elevated ( > 3 SD above the normal mean) 
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in sub<%ts of all three series of patients more frequently than in 
the controls, but the numbers of individuals in these subsets 
varied greatly within each series. The Los Angeles sera were 
obtained from patients who were hospitalized because of active 
disease and who had high antinuclear antibody titers. The Okla- 
homa and San Diego sera wen; obtained from both inpatient 
and outpatient sources, and without regard to the activity or 
inactivity of their disease. The San Diego patients were predom- 
inantly Black and Hispanic, the Oklahoma patients predomi- 
nantly European in origin. At present, we do not know which, 
if any, of these differences were determinant of the frequencies 
with which the elevated anti-p542 levels were found. 

Nor do we know whether differences in environmental ex- 
posure were determinant in the SLE groups, including not only 
exposure to CMV or other non-EBV viruses, but also exposure 
to various strains of EBV with differing gty/ala chain length 
differences (38-40), which we have associated with different 
cross-reactive potentials (see Fig. 7, reference 2). Antibody 
titers to EBV antigens and peptides are elevated in SLE (41- 
47), however, and the elevations are highly selective among 
EBV antigens (41, 42), as well as exclusive of some other viral 
species (47). So the elevations of anti-EBV antibodies are not 
explicable simply on polyclonal B cell stimulation. It remains 
possible that EBV is a significant, but not exclusive, factor in 
initiating or compounding this disease. 

Finally, we have not followed any of these SLE patients 
longitudinally to determine the effects of treatment, or variation 
in disease activity, on their anti-pS42 titers. 

Among the remaining patient groups, the universally low 
values of IgG anti-pS42 in the chronic hepatitis series document 
that elevations of this autoantibody are not simply the result 
of chronic inflammation. The intermediate levels in SjQgren*s 
syndrome, ankylosing spondylitis, and rheumatoid arthritis 
were, as with the PSS, UC, SLE, and SjS patient groups, each 
due to subsets of patients with high anti-p542 titers. The mecha- 
nisms leading to this development of subgroups, and the impli- 
cations for pathogenesis in the autoinununities, will be im- 
portant areas for future exploration. 
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Abstract 

An unknown environmental agent has been suspected to in- 
duce systemic lupus erythematosus (lupus) in man. Prompted 
by our recent immunochemical findings, we sought evi- 
dence for an association between Epstein-Barr virus infec- 
tion and lupus. Because the vast majority of adults have 
been infected with Epstein-Barr virus, we chose to study 
children and young adults. Virtually all (1 16 of 1 17, or 99%) 
of these young patients had seroconverted against Epstein- 
Barr virus, as compared with only 70% (107 of 153) of their 
controls (odds ratio 49.9, 95% confidence interval 9.3-1025, 
P < 0.00000000001). The difference in the rate of Epstein- 
Barr virus seroconversion could not be explained by serum 
IgG level or by cross-reacting anti-Sm/nRNP autoantibodies. 
No similar difference was found in the seroconversion rates 
against four other herpes viruses. An assay for Epstein-Barr 
viral DNA in peripheral blood lymphocytes established Ep- 
stein-Barr virus infection in the peripheral blood of all 32 of 
the lupus patients tested, while only 23 of the 32 matched 
controls were infected (odds ratio > 10, 95% confidence in- 
terval 2.53-«, P < 0.002). When considered, with other evi- 
dence supporting a relationship between Epstein-Barr virus 
and lupus, these data are consistent with, but do not in 
themselves establish, Epstein-Barr virus infection as an etio- 
logic factor in lupus. (J. Clin. Invest 1997. 100:3019-3026.) 
Key words: autoimmunity • autoantibodies • viral infection • 
autoimmune disease • SLE 

Introduction 

Systemic lupus erythematosus (lupus) is an idiopathic disease 
characterized by variable inflammatory destruction of skin, 
joints, blood elements, kidneys, serosa, nervous system, and 
other tissues (1). In addition, the presence of autoantibodies, 
as manifest most consistently by a positive antinuclear anti- 
body test, are nearly universal in lupus. A variety of autoanti- 
bodies are found in the scrum of lupus patients, and constitute 
evidence that lupus is an autoimmune disease. 

We have sought an etiology for lupus based upon the as- 
sumption that an understanding of the structural relationships 
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between antigen and antibody would lead towards the immune 
responses that we have presumed are responsible for initiating 
lupus autoimmunity. Autoantibodies against the spliceosome, 
also referred to as anti-Sm and anti-nRNP. are common in lu- 
pus, being found in ^ 25-40% of patients. Autoantibodies 
binding the peptide PPPGMRPP, derived from the amino acid 
sequence of Sm B/B\ appear to be among the earliest to de- 
velop in the humoral autoimmune response against the B/B' 
protein of the Sm antigen (2). Immunization with this peptide 
induces lupus-like autoimmunity in animals (2), as does immu- 
nization with the closely related sequence PPPGRRP, found in 
the Epstein-Barr nuclear antigen-l (EBNA-1; 3).' 

Perhaps these structural and immunogenic relationships 
between EBNA-1 and the fine specificity of the autoantigenic 
history of the spliceosome in lupus reflect an etiology of lupus. 
It is possible that an immune response directed against PPP- 
GRRP of EBNA-1 develops antibodies that cross-react with 
PPPGMRPP in the spliceosome, inducing lupus autoimmunity 
in some patients after a molecular mimicry mechanism. 

If the hypothesis that Epstein-Barr virus is a possible etiol- 
ogy for lupus were true, there must be an association between 
EpsteinrBarr^virus. infection and lupus. Such a(&.- association , 
would not prove this hypothesis; however, the attsence of an 
association would disprove the hypothesis. The lifelong la- 
tency of this virus after infection and the constant immune 
stimulation deriving therefrom make this virus an intriguing 
candidate for an environmental agent capable of inducing lu- 
pus. The high prevalence of Epstein-Barr infection in adults 
(~ 95% have been infected and are presumed to carry the vi- 
rus [4|) would mean that other factors must also be important 
if Epstein-Barr virus was shown to be a required participant. 

To have sufficient statistical power to determine whether 
the predicted association between Epstein-Barr virus and lu- 
pus exists, the experiments were performed in children and 
young adults (all < 20 yr of age) where the frequency of virus 
infection in normal individuals is substantially lower than that 
found in the adult population. In the United States, about half 
of the population is infected with Epstein-Barr virus between 
the ages of 10 and 20 yr (4). 

We are not the first to explore a relationship between Ep- 
stein-Barr virus and lupus. The first serious attempt was pub- 
lished over a quarter century ago (5). Despite the dramatically 
less sensitive and specific methods available at that time, a 
higher level of antivirus antibody was found in these patients 
than in the controls. The ratio of patient to control titer was 
6.14:1 (P < 0.001 from data in reference 5). Some of these 
same authors found inconsistent results in subsequent studies 
published in 1973 (6, 7). Since then, the prevailing opinion has 



I. Abbreviations used in this paper: EBNA. Epstein-Barr virus nu- 
clear antigen; EBV-VCA. Epstein-Barr virus nuclear antigen viral 
capsid antigen aniihodtes; ISR. internalional standardized ratio. 
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fection. We reexamine this question using the much more reli- 
able technologies now available, and an experimental design 
chosen to improve statistical power. The results obtained dem- 
onstrate an association between lupus and Epstein-Barr virus 
infection sufficiently powerful to suggest that Epstctn-Barr vi- 
rus infection is in some way related to the vast majority of lu- 
pus cases. 

Methods 

Patients and comrols. All subjects were between 4 and 19 yr of age. 
Lupus patients satisfy the 1982 criteria for lupus (1). The Oklahoma 
City lupus patients and controls were similar by age (15.79±2.15 and 
15.40±2.5l yr). race (European- American. 53 and 59%: African- 
American. 27 and 23%: Hispanic. 10 and 9.5%: and other. 10 and 
8.5%). and sex (85 and 82% female). Controls in the San Diego 
group were selected from siblings. For the matched case control 
study, controls were matched for age (±2 yr). sex. race, and social sit- 
uation (cases selected controls when possible). In addition, we have 
two collections of children with other rheumatic diseases, juvenile 
rheumatoid arthritis, and myositis. These serum samples were gener- 
ously provided by Dr. Morris Reichlin and the Childhood Myiwilis 
Heterogeneity Study Group. 

Serologic assays. Antinuclear antibody assays, antispliceosomal 
antibodies, antispliceosomal antibody absorptions, and IgG levels 
were performed as previously described (8-10). 

Antiviral assays were performed as instructed by Wampole Labo- 
ratories (Cranberry. NJ). or for retesting by Gull Laboratories (Sail 
Lake City, UT). The assay methods and analysis are presented as 
units of the international standardized ratio (ISR). which is designed 
to be as accurate as possible for precise detection of seroconversion. 
^ Since.the ISR is linear with the optical density, the higher levels of 
antibody will be relatively underestimated. Nevertheless, the ISR is a 
semiquantitative measure of the relative level of antibody. 

Epstein-Barr vims DNA detection. The Epstein-Barr virus DN A 
assay was modified from previous methods (11,12) using peripheral 
blood mononuclear cell DNA and the PCR with the forward 5'-CCA- 
GAGGTAAGTGGACTT-3' and reverse primers 5'-GACCGGT- 
GCCI I VJ I AGG-3'. A positive result produced a 122-nucleotide (nt) 
DNA fragment that was sequenced and found to be identical to the 
previously published sequence (position 14,614-14,735, Genbank ac- 
cession no. V0I555). PCR products were Southern-blotted with a 
(^'PJdCTP-labeled probe corresponding to positions 14.639-14.676. 
This fragment was cloned into pCRII and sequenced using the 
dideoxy method (13). The sequence obtained matched the expected 
DNA sequence exactly. Flanking primers (position 14Ji57-I4.574 and 
14.759-14.776) were used to conflrm results. 

For every specimen from which DNA was isolated, six PCRs 
were evaluated, each containing 2 jtg of mononuclear cell DNA. Re- 
actions contained 50 mM KCI, 10 mM Tris-HO at pH 8.0. 1.5 mM 
MgOi, 0.1% Triton X-lOO, and 0.2 mM each of dNTP. 0.5 ^M 
primer, and 2.5 U Taq DNA polymerase. Hot-start protocol was per- 
formed using Ampliwax PCR Gems (Perkin-Elmer, Branchburg. 
NJ). The cycles used were as follows: 2 min at 95*'C, Irmin at 59°C. 1 
min at 72*'C (twice): 2 min at 94°C. I min at 58'*C, I min at 72^ 
(twice): I min at 94X. I min at 5rc. 45 s at 72°C (31 times); and 5 
min at 72°C. 

All samples that were negative for Epstein-Barr virus DNA by 
the first set of primers were tested for expansion of a l32-nl fragment 
of 60 kD Ro: (forward) 5'-CATGAAATGTGGCATG TGGG-3' and 
(reverse) S'-AGATCTTTCTG AG ACCAGCC-3'. The expanded frag- 
ment was present in every sample tested. 

All samples negative for Epstein-Barr virus DNA were also 
tested by PCR for a unique set of polymorphisms from the MI3 Map 
Pair primers from DIS1589. D2St328. D6SI027, DIS1678. DI8S535. 
and DXS6810 (Research Genetics. Huntsville, Alabama). PCR prod- 
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aiMMIL DNA sequencer (Ll-COR. Lincoln. NE). 

Statistics. The Brcslow-Day test was used to test for homogene- 
ity of odds ratios by site of subject colection. The mid P exact confi- 
dence intcnals for the odds ratios were calculated using EXACT 
(Version 2.()b). The probability of the observed frequencies of sero- 
conversion was calculated by the Fisher exact lest. SAS programs 
(Sas Institute. Cary. NC) were used for stepwise logistic regression. 
Where normal distributions could not be assumed, nonparametric 
testing, including median. 25-75% interquartile ranking (IQR). and 
Wilcoxan Rank test of the means were also calculated by the SAS 
programs. The binomial test was used to calculate probabilities for 
the discordant matched cases and controls. To estimate odds ratios 
when relevant zero cells were encountered, one was added to alt cells. 

Results 

Anti- Epstein-Barr vints viral capsid antigen antibodies (anti- 
EBV-VCA). To test for an association between lupus and se- 
rologic conversion against Epstein-Barr virus, serum (or 
plasma) from young lupus patients was collected in Oklahoma 
City. Local controls were assembled to reflect the age, racial 
composition, and sex of the cases. The preliminary analysis of 
the cases and controls collected in Oklahoma City suggested 
that an association between lupus and anti-EBV-VCA anti- 
bodies was present. This finding was confirmed as the collec- 
tion was enlarged (Table I ). 

Confirmation of this association was also sought by repeat- 
ing the experiment in a second group of cases and controls. A 
previously assembled collection of sera from families with a 
pediatric lupus proband from the San Diego area was evalu- 
ated Jor Ep^lf in-Barr virus serocon//;rsion byjhe antir^^BV- 
VCA assay. Sera simultaneously collected from the siblings of 
the San Diego probands were used as controls. 

The young lupus patients from both the Oklahoma City 
and San Diego cohorts have a much higher rate of EBV-VCA 
seroconversion than do their respective controls (Table I). In- 
deed, the Breslow-Day test suggests that the EBV-VCA sero- 
conversion rales of patients and controls collected in Okla- 
homa and California are statistically homogeneous (P > 0.03), 
and therefore may be combined. 

Of the entire collection of 117 young lupus patients. 116 
have seroconverted against EBV-VCA (Table I). Meanwhile, 



Table /. Seroconversion Against Epstein-Barr Vims Viral 
Capsid Antigen (EBV-VCA) in Sera from Young Lttptts 
Patients and Controls 





Oklahoma Cily 


San Diegii 






Sn. pits thUtllf 


jVf». pm ittnatf 


So. p4ts Untali 


Lupus patients 


.S9 (59) 


.S7(5«) 


116(117) 


Normal controls 


M (95) 


43(58) 


107(153) 


Odds ratio 






49.9 


95%-ClofO.R. 






9.3. 1025 


Probability' 






O.0(XXMK)0(KN)O421 



Sera from lupus patients (cases) or their controls were tested for IgG 
anti-EBV-VCA antibodies and standardized for seroconversion. No. 
piK, numt>er seroconverted. *Since the Breslow-Day lest for homogene- 
ity of the odds ratios shows that they are not statistically different in the 
Oklahoma City and San Diego collections of patients and controls, the 
two groups have been combined for analysis. *Fisher*s exact lest. 
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Only 70%, or 107 of 133 of liic coiUiols. Iidvc iniiocotivciltJ lhai iht !,plicv;;i.^mc aulcar.tigctt in these partica 



against EBV-VCA. In these patients and controls, Epstein- 
Barr virus seroconversion is very closely associated with lupus, 
with an odds ratio of 49.9. The 95% confidence interval for the 
odds ratio is quite broad (9.3-1035). suggesting that while the 
association between EBV-VCA seroconversion is convincing, 
knowing the true magnitude of the association will require a 
much larger collection of patients and controls. The likelihood 
that the distribution observed could have occurred by chance 
is, however, vanishingly small (P < 0.00000000000421 ). 

Anti-EBV-VCA IgM was tested in 23 lupus patients* sera 
and 22 controls to assess if children with SLE have an abber- 
rant IgM-EBV response, or if seronegative controls have been 
recently exposed to EBV. No anti-EBV-VCA IgM was found 
in any of these sera. These results suggest that of those who 
have anti-EBV-VCA IgG evidence of seroconversion, infec- 
tion with Epslein-Barr virus was in the immunologically dis- 
tant past. 

We have evaluated two groups of control sera from chil- 
dren with other autoimmune rheumatic diseases. 38 children 
with juvenile rheumatoid arthritis have been tested for IgG 
binding to EBV-VCA. 29 of the 38 children (72.1 %) have evi- 
dence of previous exposure to EBV. We have tested 36 child- 
hood myositis patients' sera for anli-EB V-VCA antibodies. 26 
of 36 children (72.2%) with clinical and serological evidence of 
myositis had antibodies to EBV-VCA. Neither of these rheu- 
matic disease subsets showed a significantly greater incidence 
of EBV exposure than did sera from the two groups of normal 
control children presented above. An association between ei- 
ther childhood myositis or juvenile rheumatoid arthritis and 
seroconversion against Epstein-Barr virus would appear to be 
unlikely, especially at the level found in the two cohorts of 
young lupus patients presented above. 

The powerful association of Epstein-Barr virus seroconver- 
sion with lupus has the potential to reorient much thinking 
concerning the origin of lupus unless the association is ex- 
plained by some relatively trivial issue. A series of experiments 
were therefore performed to assess the potential that this close 
association could be the result of an experimental artifact. We 
measured the extent of autoantibody cross-reaction with 
EBV-VCA for the specific example of the spliceosome (Sm/ 
nRNP) by absorption. IgG levels were compared between lu- 
pus patient and normal control sera in an effort to assess a pos- 
sible contribution of hypergamma-globulinemia. In addition, 
seroconversion against four other herpes viruses was mea- 
sured. Finally and most importantly, a technically independent 
assay was developed and applied that directly detected the 
presence of Epstein-Barr virus DN/ . in lupus cases and their 
matched controls. All of these experiments supported a close 
association between Epstein-Barr virus infection and lupus, as 
presented t>elow. 

Antispliceosomal antibody absorption. Cross-reactivity be- 
tween EBV-VCA and the spliceosome was evaluated by test- 
ing for anti-EBV-VCA antibodies before and after absorbing 
the antispliceosomal autoantibodies from five anti-Sm precip- 
itin-positive lupus sera. These sera were specifically selected 
because their primary autoantibody responses were directed 
against the spliceosomal proteins. Absorption reduced the an- 
tispliceosome activity as measured by binding to the purified 
t>ovine nuclear ribonucleoprotein (the Ul particle) by at least 
90%. and reduced the fluorescent antinuclear antibody bind- 
ing by an average of 97% (thereby supporting the contention 



lar anti-Sm prccipitin-posiiive patients). Absorption reduced 
the IgG anti-EBV in these sera by an average of 8%, but did 
not alter the EBV seroconversion status of any of these anti- 
Sm precipitin-positive lupus sera (supporting the absence of a 
quantitatively relevant level of IgG cross-reactivity between 
EBV-VCA and the spliceosome). 

igG levels. Nonspecific binding is sometimes found in lu- 
pus sera. One explanation for positive results as a result of 
nonspecific binding is the hypergammaglobulinemia found in 
some lupus sera. IgG levels were assessed in 28 of the lupus 
sera and in 28 of the control sera. These control sera were pri- 
marily siblings of the lupus probands. The IgG levels were not 
different between these groups, nor did the IgG level correlate 
with the level of anti-EBV-VCA (data not presented). The 
mean level of IgG in lupus patient sera may have been lowered 
by the inclusion of many patients who had been treated with 
high-dose prednisone (> 40 mg/d) and cytotoxic agents. The 
level may have l>een increased in the controls, because most of 
those selected ( 19 of 28) were relatives of lupus patients. 

Alternative EBV-VCA preparation. To be certain that the 
binding to EBV-VCA by lupus sera was not an artifact of the 
particular EBV-VCA preparation, a second source of this anti- 
gen was used. We re-tested 32 lupus sera and 47 control sera. 
In the lupus patients, the two assays for Epstein-Barr virus se- 
roconversion produced identical results. There were only mi- 
nor differences in the control sera where three that had eariier 
been equivocal, and hence seronegative, were anti-Epstein- 
Barr virus-seropositive in this second assay. This experiment 
confirmed the unexpectedly high frequency of Epstein-Barr 
virus scropositiyiiy in lupus patients (odds ratio = 19.24; 95% 
confidence interval |CI) = 3.06-121.1 ). 

Seroconversion against other herpes viruses. The Oklahoma 
City and San Diego cases and controls were evaluated for IgG 
against four other herpes viruses: cytomegalovirus, herpes sim- 
plex virus types 1 and 2. and varicella zoster virus. The differ- 
ences in the seroconversion rales against these viruses l)elween 
cases and controls (Table II ) were much smaller than those ob- 



Table II. Seroconversion Frequencies in Pediatric Lupus and 
Controls for IgG Binding to Cytomegalovirus Antigen iCMVl 
Herpes Simplex Type I Antigen (HSV-I), Herpes Virus Type! 
Antigen (HSV-l), and Varicella Zoster Virus IVZV} Antigens 





( MV 


HSV-l 


HSV.2 


vz\ 


Oklahoma City 










Lupus paiicnls 


24 (59) 


^9 (59) 


27 (59) 


56(59) 


Normal controls 


2K(95) 


43(%) 


28 (%) 


87(96) 


San Diego 










Lupus patients 


IS(5K) 


33 (58) 


32(58) 


46(58) 


Normal controls 


12(57) 


3! (57) 


1M57) 


45(57) 


Odds ratio 


1.57 


L7! 


2,03 


1.08 


CI-95%ofiHlds ratio 


2.65 


1.05. 2-79 


L24.334 


0_S3. 2.24 


Probahilitv 


0.11 


0.03ft 


0.0059 


0.H6 



Sera from lupus patients (cases) or their controls were tested for IgG 
antiviral antibcxlies and standardized for seroconversion. The odds ra- 
tios were calculated after combining btith groups since the Breslow-Day 
icsl shows that the individual odds ratios are homogeneous. 
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served ag^iinst Fpstfin-Rnrr viru^^ (Tab!e 1). The odds ratios TIk u^iJuui i-^ Muuii' (x' - df = 4, = O.L-^) that no 



for a seroconversion rale difference for cytomegalovirus and 
varicella zoster did not differ significantly from unity. There 
were potentially significant differences between patients and 
controls for herpes simplex virus types I and 2. 

For herpes simplex type I, the Breslow-Day test shows that 
the Oklahoma City and San Diego results are not sufficiently 
different to require separate analyses. This outcome may be 
the result of a relatively small sample size of the groups being 
tested, since the Oklahoma City collection has an odds ratio of 
2.4 (nearly twice that of 1.1 found in the San Diego collection). 
In any case, this seroconversion difference is unlikely to be im- 
portant since it is of relatively small magnitude and is not con- 
sistently found in both collections of patients and controls. 

On the other hand, there is a higher rate of seroconversion 
against herpes simplex virus type 2 in the cases than is found in 
the controls from both sites. Also, the odds ratios are similar, 
and the cumulative significance is consistent with this being a 
difference between young lupus patients and controls in both 
communities. Relative to the odds ratio for an association of 
lupus with Epstein-Barr virus (odds ratio = 49.9), however, 
the odds ratio for an association with herpes virus type 2 (odds 
ratio = 2.03) is small (Tables I and II). 

To determine whether there might be an independent asso- 
ciation of lupus with Epstein-Barr virus and herpes simplex vi- 
rus type 2, stepwise logistic regression was applied to these 
data using lupus as the dependent variable and the seroconver- 
sion status of all five viruses as independent variables. Epstein- 
Barr virus is incorporated into the model first (odds ratio = 49. 
score X- = 39, degrees of freedom [df] = I , P = 0.0000000005). 



further model building is indicated. In these cases and controls, 
the association between lupus and Epstein-Barr virus is Uf- 
fold more significant than it is between lupus and any of the 
other viruses evaluated. Consequently, beyond the effect of 
Epslcin-Barr virus, none of the other viruses make a meaning- 
ful contribution to the overall model, and the high level of Ep- 
slein-Barr virus seroconversion cannot be explained by the 
presence of nonspecific antiviral antibodies. 

Lcveis ofantiherpes virus antibodies. The specific associa- 
tion between Epstein-Barr virus seroconversion presented 
above (Table I) is dependent upon the quantitative levels of 
antibody only to the extent that the threshold for seroconver- 
sion has or has not been exceeded. 

The ISR difference of anti-EB V-VCA antibodies between 
the lupus patients and their controls is impressive: 4.30 vs. 1.92 
ISR (Z = 10.69, P = 1.13 X 10 -'*). The differences in the lev- 
els of the other antiherpes antibodies is much smaller (Fig. 1 ). 
Of these, only antibodies against the herpes simplex virus 
types 1 and 2 appear to achieve significance (Z = 3.59. P = 
0.(HM)34; and Z = 5.41. P = 6.1 x 10 «. respectively), again in 
concert with the results obtained above by assessing serocon- 
version rales. 

Epstein-Barr vims DNA assay. In aggregate, the data pre- 
sented above support a specific association between Epstein- 
Barr virus seroconversion and lupus. To test rigorously the 
prediction that Epstein-Barr virus infection is associated with 
lupus, a matched case control study has also been performed 
using the presence of DNA from Epstein-Barr virus in periph- 
eral blood mononuclear cells as evidence for Epstein-Barr vi- 
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Figure I. The level of antiviral antibodies. Assays for IgG binding to EBV viral capsid antigen. ( EBV ). cvloracgalovirus {CMV). herpes simplex 
types I and 2 (HSV-I and HSV.2). and varicella zoster virus ( VZV) are presented for the voung lupus patients and Iheir controls, as indicated. 

^tf.''' I " ^ ^'^"^ 'O"*' ""^ '"P"" P""'--""' ""•I ar^- f"' anti-EBV-VCA 4..T0 ( I .R.S) and 

l.W (2.20): for anli-CMV 0.617 (1.74) and OJ08 (1.29): for anti-HSV-l I..Sft (2..S«) and (l.<04 (2..^!)): for anti-HSV-2 l.l6(l.f.4)andO';S7 (I 17)- 
and for anli-VZV2_S.T( 1.40) and 2_W (1.28). " 
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rus infection. A very sensitive assay for tpsicin-Barr virus 
DNA was developed based on previous work (II. 12) and by 
exploiting a nucleotide sequence that is repeated eleven times 
in the Epstein-Barr virus genome (II). 

A total of 32 lupus cases and their matched controls were 
evaluated for Epstein-Barr virus infection. We asked each case 
to provide a control matched for age (±2 yr), sex, race, and so- 
cial circumstances. Seven siblings, 4 cousins, and 12 friends 
were provided. For those cases that did not provide matched 
controls, the investigators recruited a matched control (at en- 
rollment, the Epstein-Barr virus seroconversion status of con- 
trols was unknown to the investigators). Epstein-Barr virus 
DNA was assayed in a total of 12 ftg of mononuclear cell DNA 
divided into six reactions from each case and control (Fig. 2). 
Cases and their matched controls were either concordant (Fig. 
2 y4) for the presence of Epstein-Barr virus DNA. or were dis- 



corJant (hig. L H) wtiere bpstetn-Uarr virus UMA was found 
in one or the other, but not in both. Control experiments dem- 
onstrate that DNA is present and unique from each individual 
in whom Epstein-Barr virus DNA was not detected. Examples 
of these data are presented in Fig. 2 . C-E. 

All 32 lupus cases tested had Epstein-Barr virus DNA. Of 
the 32 matched controls. 23 had Epstein-Barr virus DNA. In 
each of the nine discordant pairs, the lupus case had Epstein- 
Barr virus DNA while the matched control did not (odds ratio 
> 10. CI-95% 2.53-^. P < 0.002; Table III). 

All 32 of the lupus cases were seropositive for Epstein-Barr 
virus, as were 23 of the matched controls. Epstein-Barr virus 
DNA was demonstrated in the peripheral blood mononuclear 
cells in every Epstein-Barr virus-seropositive lupus case and 
control (/; = 55). Two controls were Epstein-Barr virus-sero- 
negative. and yet had Epstein-Barr virus DNA. One of these 
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Figfire 2. DNA from Epslein-Barr virus in lupus cases and matched controls. A nincordanl pair where both the case (/*. lanes 2-7) and its 
matched control (lanes 9-14S have Epstein-Barr virus DNA in every PCR reaction tested, fi presents a discordant pair where the lupus case has 
Epstein-Barr virus DNA (lanes 2-7). while its matched control docs not (lanes *)-l4Y Lane /.i is a coninil with no added DNA. The products of 
the PCR using primers from the «)-kD Ro gene (nucleotide nos. 45.V472 and .S84-5fi.'») demonstrate thai the PCR conditions will expand DNA 
in the control subjects who have apparently not been infected by Epstein-Barr virus. O and E present the polymorphisms at D1S15»> and 
D6SI()27 found in the unique DNA from all controls with no Epstein-Barr virus DNA. 
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Tabic III Dtuaion of DNA fiom Epstehi-Barr Vitus in CtiSrx 
of Pediatric Lupus and their Matched Controls 



barr virus, anu is no observalion thai eliminates this possibiliiy 
from consideration. Indeed, the experiments herein establish- 
ing association between Epstein-Barr virus and lupus were at- 
tempted as a test of the hypothesis that Epstein-Barr virus is 
an etiologic factor in the development of lupus. This hypothe- 
sis arose from immunochemical studies that suggested some of 
the critical features for a molecular mechanism, beginning with 
a structure from Epstein-Barr virus and culminating in one of 
the forms of lupus autoimmunity (2, 3). 

The antigenic relationships between peptides from EBNA-1 
and Sm B/B' (2, 3) have suggested a possible mechanism for 
generating antispliceosomal autoimmunity, and may partially 
describe one of the ways in which Epstein-Barr virus-infected 
individuals can be predisposed lo lupus (Fig. 3). First, Epstein- 
Barr virus is postulated to infect a susceptible person who is 
otherwise predisposed by genetics and environment to de- 
velop lupus. While virtually all people infected with Epstein- 
Barr virus develop anti-EB V-VCA antibodies, many also gen- 
erate antibodies to other viral constituents, including EBNA-1 . 
Among these, it is postulated that a few people may eventually 
develop antibodies to the PPPGRRP epitope on EBNA-I 
which cross-reacts with the PPPGMRPP epitope on the spli- 
ceosome. The spliceosome is then processed as an antigen, and 
is presented to the immune system in a way that has not oc- 
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The presence and absence of Epstein-Barr virus DNA in 32 matched 
sets of lupus patients and controls support an increased frequency of 
Epstein-Barr virus infection in pediatric lupus. *P < 0.(K)2, binomial 
test. 



was retested, and had become Epstein-Barr virus-seropositive 
during the interval between specimens. The second subject 
was not available for retesting. Consequently, the Epstein- 
Barr virus DNA assay and Epstein-Barr virus seroconversion 
assay support the same conclusion: that there is a very close as- 
sociation with Epstein-Barr virus infection and lupus. Indeed, 
if the difference in the frequency of Epstein-Barr virus infec- 
tion between controls and lupus patients is because Epstein- 
Barr virus causes lupus, then from the data in Table I the frac- 
tion of lupus cases attributable to Epstein-Barr virus infection 
is 98% (CI-95%, 85-99.7%). 

Discussion 

An association of lupus with Epstein-Barr virus infection has 
been found. Considered alone, the observed association of lu- 
pus with Epstein-Barr virus infection is consistent with three 
origins: a susceptibility for lupus in Epstein-Barr virus-infected 
persons, a susceptibility for Epstein-Barr virus infection in pa- 
tients who previously developed lupus, or a third factor that 
causes independent susceptibilities to both Epstein-Barr virus 
infection and to lupus. At this time there is no evidence for 
such a third factor in this situation, but its existence must re- 
main a formal possibility. 

There are no data available to support an unusual and ex- 
treme susceptibility to Epstein-Barr virus in young lupus pa- 
tients, and no mechanism for such a susceptibility is now 
known. Nevertheless, lupus is characterized by abnormally ac- 
tivated B cells, and a subset of B cells are the target for and site 
of Epstein-Barr virus infection. Perhaps the intrinsic resistance 
to Epstein-Barr virus infection is much lower in lupus patients 
because of the immunoregulatory changes that occur as a con- 
sequence of the disease. This possibility could only be elimi- 
nated from consideration by the demonstration that Epstein- 
Barr virus infection almost always precedes the onset of lupus. 
Unfortunately, no data exist with which lo decide this issue. 
Consequently, a susceptibility to Epstein-Barr virus infection 
in lupus patients remains a plausible explanation for the ob- 
served association. 

Fortunately, we are not restricted to considering the associ- 
ation of Epstein-Barr virus infection with lupus in the absence 
of insights from other worlc on Epstein-Barr virus or on lupus. 
Once the influence of confounding technical issues is removed, 
there is much consistent with the possibility that lupus arises in 
individuals who have been previously infected with Epstein- 
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Figure X Hypothetical mechanism for association of Epstein-Barr vi- 
ral infection and development of systemic lupus erythematosus. {A) 
People genetically susceptible to SLE may mount an unusual immune 
response (*) lo EBNA-1. In one scenario humoral immunity against 
the PPPGRRP sequence may be a required step (2, 3). (B) These an- 
tibodies that react with PPPGRRP and cross-read with the PPP- 
GMRPP as found in the native Sm B/B' may initiate the cascade of 
autoimmune responses that spread to different regions of the spliceo- 
somal autoantigens. and result in other autoimmune manifestations, 
including clinical disease. (S shows IgG binding to both Sm B/B' and 
EBNA-I.) 
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curred previously, and against which tolerance has either not 
developed (immune ignorance) or is relatively weak. Lupus 
autoimmunity and clinical illness then result. There is no re- 
quirement in this model for either Epstein-Barr virus or any of 
the antibodies directed against it to be found in immune com- 
plexes, or to be deposited at sites of injury. 

The cross-reaction of antibodies capable of binding both 
PPPGRRP as found in native EBNA-1 and PPPGMRPP as 
found in the native spliceosome (Fig. 3 B) may be a critical 
step allowing lupus autoimmunity to develop for some individ- 
uals (Fig. 3 A). Under this scenario we immunized animals 
with the selected peptides as previously reported (2, 3). This 
immunization with peptide bypasses the very complicated im- 
mune response against the chronic viral infection out of which 
lupus autoimmunity arises in the natural state. The peptide im- 
munization directly induces a vigorous immune response 
against a structure that is capable of setting the immune system 
on a course toward lupus autoimmunity (2, 3). Not only are the 
anticipated cross-reacting antibodies observed, but also other 
characteristic features of lupus-like autoimmunity occur in the 
susceptible animals. 

Of course, many steps in this hypothetical scenario for ini- 
tiating lupus remain to be established. As emphasized above 
and at the most basic level, if this sequence of events is true, 
then Epstein-Barr virus infection must precede the onset of lu- 
pus. This prediction has not been tested. In addition, whether 
or not the many humoral autoimmune manifestations of lupus, 
such as antiribosomal P, anti-Ro (or SS-A), anti-La (or SS-B), 
or even anti-nRNP, develop by analogous molecular mimicry 
mechanisms, must necessarily be the subject of other work. 
Perhaps the binding of La to the EBER RN As encoded by Ep- 
stein-Barr virus and expressed in some infected cells (14) pro- 
vides an alternative mechanism. 

If one accepts that lupus is essentially a humoral autoim- 
mune disease, then another prediction of the hypothesis that 
Epstein-Barr virus causes lupus is that the immune response 
against the virus must have critical distinguishing characteris- 
tics that would allow lupus autoimmunity to be initiated. At 
most, we could consider present knowledge to provide only 
suggestive clues for what these critical distinguishing charac- 
teristics might be. On the other hand, there are many differ- 
ences between lupus patients and normal controls in their im- 
mune responses to Epstein-Barr virus, consistent with the 
existence of lupus autoimmunity-inducing differences in the 
immune response. 

For example, when comparing lupus sera to control sera, 
several investigators have detected increases in the level or dif- 
ferences in the fine specificity of anti-early antigen, antimem- 
brane antigen, anti-EBNA-1, EBNA-2, or EBNA-3 (15-20). 
In two studies these findings do not appear to be explained by 
polyclonal B cell activation, since liters to other antigens, mea- 
sured concurrently, were not elevated (18, 20). In addition, the 
only published study systematically examining the immune re- 
sponse to EBNA-1 peptides outside of the glycine-alanine re- 
peat showed several significant differences between adult lu- 
pus patients and normal controls (18). Of the 11 different 
peptides studied, 3 of these peptides were commonly bound by 
lupus patient sera at a higher level than that found in normal 
control sera, in addition, the increased binding to PPPGRRP 
(from EBNA-1) by lupus sera containing anti-Sm and anti- 
nRNP has also been appreciated (21). Recent preliminary 
studies from our laboratory with over 400 overlapping oc- 



tapeptides spanning the EBNA-1 protein show that pediatric 
lupus patient sera consistently bind different regions of 
EBNA-1 than do their matched, anti-EBV-VCA-positivc con- 
trols (J.A. James and J.B. Harley, unpublished data). Among 
these differences is the tendency for normal sera to bind the 
glycine-alanine repeat of EBNA-1 while lupus sera do not 
generally bind this amino acid repeat. In contrast* a glydne- 
arginine repeat that is found in both EBNA-1 and Sm D is 
more antigenic for lupus sera than it is in control sera (22-26). 
These findings are consistent with the possibility that there 
may be multiple antigenic relationships between lupus and Ep- 
stein-Barr virus, and that critical ones vary among lupus pa- 
tients. 

Other features that may allow or encourage a role for Ep- 
stein-Barr virus in lupus include virus latency (4) and defi- 
ciency in the T cell immune suppression required to contain 
this infection. In a study by Tsokos et al. (27), T cells of SLE 
patients have been shown to be deficient in their ability to sup- 
press the outgrowth of Epstein-Barr virus-infected B cells 
from in vitro-infected peripheral blood cells. Latency and the 
immune response against the virus are different aspects of the 
same process: the virus has many molecular features that ap- 
pear to encourage latency and discourage an infection-termi- 
nating immune response. The glycine-alanine repeat appears 
to be responsible for the described defects in antigen process- 
ing of EBNA-1 (28). Indeed, normal individuals do not mount 
cytotoxic T cell responses against EBNA-1 (28). Apparently, 
the glycine-alanine repeat of EBNA-1 appears to inhibit HLA 
class I peptide presentation from EBNA-1, thereby inhibiting 
T cell immunity against this antigen (28). This incompletely 
understood; effect may profoundly influence th^immAJne re- 
sponse, though its importance to the pathogenesis of lupus is 
not known. 

Epstein-Barr virus has an IL-lO-like gene that has many 
similar and some different activities relative to human IL-IO 
(29). For example, both human and viral IL-IO inhibit apopto- 
sis in T cells recovered from patients with infectious mononu- 
cleosis (30). Cleariy, viral IL-IO has the potential to influence 
the immune response to the virus (31 , 32). 

Epstein-Barr virus also infects B cells, which then become 
dysregulated and proliferate. Indeed, apoptosis of B cells is ab- 
normal as a consequence of Epstein-Barr virus infection which, 
thereby, has the potential to favor development of autoimmu- 
nity (33). Epstein-Barr virus can increase B cell survival of la- 
tently infected cells both by upregulating cellular bcl-2 and 
through an Epstein-Barr virus-encoded protein, BHRFl. 
BHRFl has amino acid sequence similarity and a molecular 
action similar to bcl-2 in that this gene inhibits apoptosis in 
B cells (34). Interestingly, when transgenic mice are stimulated 
to overproduce bcl-2 they develop a syndrome of lupus-like 
autoimmunity and immune complex-mediated, cresentic glo- 
merulonephritis (35). Epstein-Barr virus infection is also well 
known to induce the production of autoantibodies during 
acute infection (25. 36). 

When the association between Epstein-Barr virus and 
lupus described herein is considered in the context of other 
studies, the aggregate of what is known is consistent with the 
intriguing possibility that Epstein-Barr virus infection is re- 
quired, but not alone sufficient, for development of systemic 
lupus erythematosus in most patients. We look forward to the 
results of those subsequent experiments that will support and 
establish or disprove this hypothesis. 
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Abstract 

In studies of patients in Norway with multiple sclerosis (MS), we have found cross reactive autoantibodies related to the Epstein Ban- 
virus nuclear antigen- 1 (EBNA-1). The MS patients had elevated IgG antibody to EBNA-1, as measured by reactivity with a synthetic 
glycine/alanine peptide, P62, which represents the glycine/alanine repeat in EBNA-1. The mean titer of anti-P62 in patients with acute 
relapse at the time of assay was significantly higher than in the remaining patients. Patients with remitting/relapsing MS also had 
elevated autoantibody to a lymphocyte protein, p542, cross reactive with EBNA-1 through a glycine/serine epitope. High titered 
anti-EBNA-1 antibodies from some MS, as well as from some SLE sera, were shown to cross react with 80-82 kDa and 60 kDa proteins 
in neuroglial cells. 

Keywords: Multiple sclerosis; Epstein Barr virus: Autoantibody; Epstein Barr virus nuclear antigen- 1 (EBNA-1); Neuroglial 



1. Introduction 

The possibility that the Epstein Barr virus (EBV) may 
play some role in the etiology or pathogenesis of multiple 
sclerosis (MS) has been suggested by both immunoiogical 
and epidemiological observations. Increased levels of anti- 
body to EBV viral capsid antigen and to the EB nuclear 
antigen- 1 (EBNA-1) have been noted in MS sera and 
spinal fluids (Sumaya et al., 1980; Bray et al., 1983, 
I992a,b; Larsen et al., 1985), and a deficiency in T cell 
ability to suppress the in vitro growth of autologous EBV- 
infected B cells from MS patients has been documented 
(Craig et al., 1988), In a retrospective epidemiological 
evaluation of the past histories of 941 MS patients, the 
patients were asked to recall whether they had had any of 
nine previous illnesses varying from measles to polio. 
Only infectious mononucleosis was recalled by the patients 
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significantly more often than by their matched controls, 
13% versus 2% (Operskalski et al., 1989). Martyn et al. 
(1993) confirmed this observation in a separate survey, 
with frequencies found similar to those reported by Oper- 
skalski et al. (1989). In a more prospective approach, 
Lindberg et al. used the registries for infectious mononu- 
cleosis and MS in Goteborg, Sweden, and found more MS 
(3 cases) following documented infectious mononucleosis 
than in matched controls (none), a slight but statistically 
significant difference (Lindberg et al., 1991). 

In a Norwegian population, Riise et al. (1991) observed 
that MS patients with the same birth cohort had lived 
significantly closer to each other than would be expected 
during ages 13-20 years, with peak clustering at age 18. 
The present report is of follow-up observations on this 
Norwegian study and relates to the possibility that the 
observed ages implicate infection by EBV. In independent 
studies in La Jolla, we had observed that (1) acute infec- 
tion by EBV induces numerous autoantibodies cross reac- 
tive with the EBNA-1 molecule through EBNA-Ts long 
glycine/alanine repeat, a region in the molecule that con- 
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stitutes its principal antigenic site (Rhodes et al., 1987; 
Rumpold et al., 1987), and (2) that a recombinant expres- 
sion product of one of the B lymphocyte autoantigens 
(p542) has a 28-mer, GGGASGGGGGGGGSGGGGSGG- 
GGGGGSS, which is the site on this autoantigen that is 
cross reactive with EBNA-1 (Vaughan et al., 1995b). In 
the present study, we wished to see whether an EBV-re- 
lated autoimmune response also is expressed in the Norwe- 
gian MS patients. 

We report here that anti-EBNA-1 titers, as measured by 
an anti-peptide assay, were elevated in the MS patients' 
sera, especially during exacerbations in patients with remit- 
ting/relapsing disease (R/R MS); that anti-p542 autoanti- 
bodies also were elevated in R/R MS, and were EBV-re- 
lated as judged by affinity purification and inhibition 
studies; and that anti-EBNA-1 antibodies from sera with 
high titers of anti-EBNA-1 also frequently exhibit cross 
reactivity with 80-82 kDa or 60 kDa antigens present in 
neuroglial cell lines. Although these antibodies are not 
disease specific, the possibility that they may play an 
adjunct role in pathogenesis should be considered. 

2. Materials and methods 

2.7. Sera 

The sera evaluated in this study were from the series 
reported by Riise et al. (1991). A random sample of 36 MS 
patients and 36 controls were selected out of a total 
case-control material of 155 patients and 200 age-, area-, 
and sex-matched hospital controls. This material, which is 
described in detail by Gronning et al. (1993), consisted of 
all MS patients who had their onset of disease between 
1976 and 1986 in Hordaland County, Norway. 

The mean ages at time of examination (1987) was 36.7 
years (range 18-54 years) for both the cases and controls 
included in the present study; 58% of cases and 56% of 
controls were female. All MS patients were examined in 
1989 by neurologist using the criteria of Bauer (Bauer, 



1980); twenty nine of the 36 patients (80%)i^i;^_ 
the present study were classified as definite, si^|^ 
probable, and one (3%) as possible MS. Upoii*re^*5^a^i 
tion in 1995, all but one was classified as definife* 
patients were also classified according to the clffl 
course; thirteen (36%) had aVemitting course, 17 (47#5 
remitting with a secondary progressive course, and 6 pa| 
tients (17%) a primary progressive course. A total of si 
patients (17%) with remitting disease were havingf?m>acu|e 
clinical relapse at the time their blood samples were takeif. 

Eighteen Norway controls were hospitalized patients on" 
the neurological service. Two had migraine, 14 lumbain 
disc syndromes, and 2 (K023 and K024) rheumatoid arMr 
tis. For K023 there was also suspicion of MS. The remain-?^ 
der of the 18 controls were from the ear/nose/throa^ 
plastic surgery, and gynecology departments, and in none 
was MS or rheumatic disease a diagnostic suspicion. f 

The sera from patients with systemic lupus erythe^ 
matosus, and those from La Jolla and San Diego normal^ 
volunteers, have been described previously (Vaughan etV 
al., 1995a). 

2.2. Antigens, autoantigens, and mutants . / v 

The characteristics of p542 and of its isolated and 
purified recombinant protein have been described (Vaughan 
et al., 1995b,a). The protein was generated as a hexahisti- 
dine fusion protein suitable for affinity purification 6iri''a 
nickel column. 

Deletion mutants of p542 (Vaughan et al., 1995a) wege 
generated from unique restriction sites on either side of tht 
glycine rich 28-mer (Fig. 1). Cuts were made at Eco 
and ///ndlll (downstream in the polycloning site of the 
plasmid), Clal and EcoNl, and Cla\ and HindUl to 
generate Dl, D2, and D3 mutants, respectively. For D2, 
re-ligation was in frame. The mutants were of the expected 
sizes in polyacrylamide electrophoresis. 

Recombinant EBNA-1 was expressed in transfected 
COS-7 monkey kidney cells (American Type Culture Col- 
lection, Rockville, MD) in 100 mm petri dishes, as de- 
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Fig. I . Schematic of the p542 gene fragment and the deletion mutants constructed from it. The p542 DNA was cut at the Clal or EcoNI restriction site 
(nucleotides 309 or 514, respectively), and at a Hind\\\ site downstream in the plasmid, with blunt ending and re-ligation to generate DNA encoding the 
Dl and D3 mutant proteins. D2 was generated from the DNA cut simultaneously by Clal and EcoNl, blunt ending and re-ligation, which occurred in 
frame. The DNA encoding the glycine rich sequence, 385-469, is indicated in heavy line. 
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scribed previously (Vaughan et al., 1995b). The cells were 
lysed and the proteins separated in polyacrylamide gel 
electrophoresis and transferred to nitrocellulose for West- 
em blotting. The EBNA-1 was displayed as an 80 kDa 
band not seen in non-transfected COS-7 cells, and could be 
used in this form to detect anti-EBNA-1 activity. Type II 
human collagen was the gift of Dr. Steffen Gay, University 
of Alabama Medical School. Actin, insulin, and bovine 
thyroglobulin were purchased from Sigma Chemical, St. 
Louis, MO. Pneumococcal vaccine (Pneumovax) and 
tetanus toxoid were the licensed immunization products of 
Merck, Sharp and Dohme, Rahway, NJ. The heat shock 
protein groEL was a recombinant product and the gift of 
Dr. David Yu, University of California, Los Angeles. The 
human heat shock protein huHsp60-H is the hexahistidine 
fusion protein of huHsp60 prepared in this laboratory from 
the huHsp60 (PI) gene provided to us by Dr. Radhey 
Gupta, McMaster University, Hamilton, Ontario. Influenza 
vaccine was from Wyeth Laboratories, Marietta, PA. 

2.3. Immunoaffinity purification of anti-p542 

Solid phase p542 autoantigen was prepared for im- 
munoabsorption as follows.. Bacterial extracts containing 
the recombinant protein were electrophoresed in polyacryl- 
amide gels and transferred to nitrocellulose strips. The 
portion of the strips containing the autoantigen bands were 
cut out, washed,, dried, and reacted with sera known to 
have anti-p542 activity. Antibody was eluted from the 
autoantigen at pH 11.5 and then promptly neutralized, as 
described (Vaughan et al., 1995b). Equal-sized portions 
from other areas of the blot were similariy treated and used 
as negative controls. 

2A, Enzyme-linked antibody assays (ELISA) 

Assays for autoantibodies were carried out in 96-well 
microtiter trays (Costar), as previously described (Vaughan 
et al., 1995b). I'After preliminary assays to determine the 
optimal concentration of antigen, the wells were coated 
with antigen at 10 jxg/ml for 1 h at 37°C, the wells 
blocked with 1 % bovine serum albumin, and the antibody 
in PM applied for 1 h at room temperature. Sera being 
examined for autoantibody to p542 were blocked, addition- 
ally, with extracts of Escherichia coli infected by phage 
carrying antisense inserts. All sera were examined at 1:100 
dilutions, except sera assayed for anti-pneumococcus and 
anti-influenza, which were examined at 1:1000 and 
1:10,000, respectively. These dilutions were chosen after 
preliminary studies determined that each was on the 
downslope of the titration curve for its respective antigen, 
and that the dilution was therefore appropriate for assaying 
for relative antibody contents between groups of sera. The 
detecting antibody was rabbit anti-human IgG (Boehringer 
Mannheim, Indianapolis) conjugated with horse radish per- 
oxidase. 



3. Results 

3.7. Anti'p542 reactivity and specificity in MS sera 

The mean level of IgG anti-p542 for the 35 sera^from 
patients with definite MS (cf. Materials and Methods) was 
0.521 ± 0.088 O.D., compared to 0.267 ± 0.066 O.D. for 
the controls (Table 1 and Fig. 2). This difference increased 
when patients with chronic progressive MS (mean anti- 
p542 of 0.220 ± 0.094 O.D.) were removed from the 
group, an adjustment suggested by the reports by others 
that chronic progressive MS and R/R MS may differ from 
each other not only inununologically, but also by genetic 
markers, magnetic resonance imaging, and neurological 
manifestations (Warren et al., 1994; Stevens et al., 1992; 
Olerup et al., 1989; Thompson et al., 1991). The anti-p542 
values in our MS patients did not correlate significantly 
with sex, age of onset, duration, or activity of disease. 

To investigate the specificity of the anti-p542, we puri- 
fied the autoantibody from the sera of 3 R/R MS patients 
by immunoaffinity using solid phase p542 (as the 3- 
galactosidase fusion protein) and tested the reactivities of 
these preparations in ELISA against p542 as a hexahisti- 
dine fusion protein, and against a variety of other proteins 
(Fig. 3). The anti-p542 was very specific: while it reacted 
very strongly with the recombinant p542/hexahistidine 
fusion protein, it did not react with any of the unrelated 
proteins or peptides tested. Nor did it react with two other 
recombinant proteins, huHsp60-H and p554-H (Vaughan et 
al., 1995b), which had the same polyhistidine tail carried 
by p542. In all these respects, the anti-p542 from these 
three MS sera were quite similar to affinity purified anti- 
p542 from SLE sera, as we have reported elsewhere 
(Vaughan et al., 1995a). 

To show that purified anti-p542 antibodies are indeed 
related to EBNA-1, we tested their abilities to react in 
Western blots with natural EBNA-1 in the WiL2 line of B 
lymphocytes, and with recombinant EBNA-1 molecule in 



Table 1 








IgG antibody titers in multiple sclerosis 


and control sera 




Anti-P62 




Anti-p542 




all MS R/R MS ^ 


control ^ 


all MS R/R MS ^ 


control ^ 


No. 35 29 


36 


35 29 


36 


Mean 1.633 1.661 


1.156 


0.521 0.562 


0.267 


SEM 0.078 0.090 


0.106 


0.088 0.102 


0.066 


/'-value 0.0006 0.0008 




0.033 


0.014- 


P-value** 0.0001 0.0001 




0.055 


0.025 



Sera were examined at 1:100 dilutions in ELISA in triplicate, and the 
antigens were used at 10 jJ^g/ml to coat the wells. 
^ Patients with relapsing /remitting disease. 
" 36 hospitalized non-MS patients in Norway. 

' 2-tail P by unpaired 2 group r-test using StatView 512+ Statistics 
Utility (Brain Power, Calabasas, CA), comparing to the controls. 

Mann Whitney rank sum test, using StatView 512 + , comparing to the 
controls. 
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IgG ANn |>542-HG TTTERS IN CO>frR0L SERA 




E 1 2 3'- E t -- 2-^'3^:^^**^*^'- 



IgG ANn-p542.HG TITERS IN MULTIPLE SCLEROSIS SERA 




Fig. 2. IgG anti-p542 titers by ELISA on patients with multiple sclerosis 
(below) and their age- and sex-matched hospital controls (above) from 
the series studied by Riise et al. (1991X The designation p542-HG 
specifies that an additional gel separation step has been added during the 
purification of p542-H (the hexahistidine fusion protein of p542). 

monkey kidney cells. The anti-p542 preparations reacted 
with the EBNA-1 in both cell types. The reactions with the 
recombinant EBNA-1 are shown in Fig. 4. This reactivity 
was specifically inhibited by pre-incubation of the autoan- 
tibodies in 10 ^JLg/ml of the peptide P62, confirming that 
the reactions were with the glycine/alanine repeat in 
EBNA-1 (not shown). 




Fig. 4. Reactivity in Western blots of immunoaffinity purified anti-p54g 
with recombinant EBNA-1. In the right panel, an extract-fof .ntej^p 
kidney cells expressing EBNA-1 has been electn>phoresed tluoughvp^f 
acrylamide gel, transferred to nitrocellulose strips, and the strips^ j^b^ 
with known antibody to EBNA-1 (lane E) or with the three anti-p54J 
preparations described in Fig. 3 (lanes 1, 2, and 3). In the left pah^;^&^ 
same procedure has been carried out, except that the monkey kidney celK 
had not been transfected with EBNA-1 DNA. 

The reactivities of the anti-p542 positive sera were therf^ 
examined with deletion mutants of p542, to determine ; 
whether the primary reactivities would be, as predictedy to 
Dl (Fig. 1), the mutant containing the cross reactuig^, 
glycine rich 28-mer. The results are shown in Fig. 5;" 
Anti-Dl reactivity was predominant in almost all cases and' 
exclusive in some. A lesser degree of anti-D2 reactivity 
was seen in some sera; anti-D3 reactivity was'seen in on,. 
The anti-D2 and anti-D3 reactivities suggest second 
epitope spread, as discussed elsewhere (Vaughan et al:,' 
1995a). 



1.5- 



O.D. 1.0- 



Reactivities of Immunoafrinity Purified IgG Anti-p542B from M.S. Sera 
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Antigens 

Fig. 3. Specificity of IgG anti-p542 in three MS sera. The anti-p542 from each of three MS sera was immunoaffinity purified from solid phase recombinant 
p542-B (the P-galactosidase fusion protein) and reacted in ELISA with p542-H (the hexahistidine fusion protein), a system assuring that no conceivable 
antibody reactivity with the fusion products can enter into the results. Other proteins and peptides tested: p554-H is the fusion protein of a second 
autoantigen seen in infectious mononucleosis (Vaughan et al., 1995b); P60 and P62 are glycine/alanine peptides present in EBNA-1; P89 and K7b are 
non-glycine/alanine peptides seen, respectively, in EBNA-I and in EBV early antigen (EA-R); pneumoco. is the pneumovax preparation; and the 
remaining proteins are purified preparations of each. All antigens and peptides were used at 10 (xg/ml to coat the plates. 
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Multiple Sclerosis 



O.D. 1.0 




Dl-HFI 
, D2-HFI 
1 D3-HFI 



§ 1 1 ! 1 i i i i i I i 1 § 5 i 

Fig. 5. Reactivities in ELISA of the MS sera with deletion mutants of 
p542 (see Fig.- 1). The sera examined are the twenty that had been most 
reactive with p542 in Fig. 2. The antigens were used at 5 M-g/ml to coat 
the plates, and the sera were examined at 1:100. 

3.2. Relation of anti-p542 to anti-P62 

P62 is a peptide, AGAGGGAGGAGAGGGAGGAG, 
which is present in the glycine/alanine repeat of EBNA-1. 
A major portion of antibody to EBNA-1 reacts with this 
peptide (Rumpold et al., 1987). We measured anti-P62 
levels in the MS and control sera. The mean titer of IgG 
anti-P62 of. the patients was significantly greater than that 
of the controls (Table l), consistent with the prior reports 
of Bray et al. (1983, 1992b) of elevated anti-EBNA-1 titers 
in MS. This difference from the controls was present in 
titration studies out to dilutions of 1:6400 (not shown). We 
then compared the anti-p542 reactivities with anti-P62 
reactivities in the MS sera (Fig. 6). The highest titers of 
anti-p542 occurred in the sera with the highest anti-P62 
titers. Although this relationship does not reach statistical 
significance, the grouping suggests that individuals having 
the . strongest anti-P62 (anti-EBNA-l) inunune responses 
were those most liable to development of the cross react- 
ing anti-p542. 

3.3, An EBN A'} -related anti-neuroglial autoantibody 

To look for other possible cross reactions of anti- 
EBNA-1 in M^ and control sera, we purified anti-EBNA-1 
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Fig. 6. Relation of IgG anti-P62 peptide levels to IgG anti-p542 autoanti- 
body levels in patients and controls. The tendency of the sera with the 
higher anti-p542 levels to also have higher anti-P62 levels is not statisti- 
cally significant, but the grouping prompted experiments to test sera with 
high titers of anti-P62 for other cross reactive autoanUbodies (see texO. 



Table 2 ; ? 

Anti-82 kDa reactivity of immunoaffmity purified anti-EBNA-l from 






Anti-P62 reactivity in serum (O.D.) 




0.2-0.6 1.6-1.8 


>1.9 


MS 


0/5'' 0/1 


3/8 


SLE 


0/5 2/4 


1/4 


Controls 


0/5 2/8 


_ b 



Antibody assays were carried out as described in Table 1. 
" Positive preparations/number of preparations tested. 
^ None available. 

antibody from selected sera with high anti-P62 (^1.6 
O.D. by ELISA, a level displayed by half of the MS 
patients, but by only 15-20% of normals or SLE patients 
(Vaughan et al., 1995a)) or low anti-P62 (0.2-().6 O.D.) 
and tested them in Western blots against mouse brain or 
C6 (ATCC CCL 107) murine neuroglial cell extracts. The 
immunoaffmity purification was carried out with solid 
phase recombinant EBNA-1 from monkey kidney ceUs 
(see Materials and Methods). Purified anti-EBNA-1 re- 
acted with an 82 kDa antigen in both mouse brain and the 
C6 neuroglial cells (Table 2). No sera with low titers of 
anti-P62 yielded preparations that were reactive with the 
82 kDa protein. Of the 9 MS sera, 8 SLE sera, and 8 
control sera which had high anti-P62, 3, 3, and 2, respec- 
tively, yielded antibody with anti-82 kDa reactivity. Thus 
the development of anti-82 kDa is more related to the 
amount of anti-glycine/alanine (EBNA-l) antibody than 
to a specific disease. 

The -anti-82 kDa reactivities could not be related to 
anti-p542 activity, since two of the 8 anti-82 kDa positive 
preparations iliustrated in Table 2 came from sera lacking 
anti-p542. They were, however, related to EBNA-1 through 
EBNA-l's glycine/alanine repeat, as shown in inhibition 
studies (Fig. 7). The anti-EBNA-1 preparations from three 
different sera, used as probes against C6 cell extracts, were 
completely inhibited by pre incubation of the antibodies 
with 10 fJig/ml P62. 

To investigate whether anti-EBNA-1 antibodies from 
these sera would cross react also with^ antigens in hiin^an 
neuroglial cells, we employed the H4 cell line (AXPC 
HTB 148) derived from a patient with a neuroglioma. Here 
the antibodies reacted with an 80-82 kDa doublet and a 60 
kDa singlet band (Fig. 8). These antibody reactivities were 
inhibited by P62 at 10 fig/ml (not shown). 

3,4, Anti-P62 in relation to disease activity 

We have made the further observation that the mean 
titers of anti-P62 in the six patients who were in acute 
clinical relapse at the time of examination (see Materials 
and Methods) were significantly higher than were those of 
the patients in stable phases of their disease, whether 
calculated on the basis of the 29 patients remaining from 
the total series of 35 patients, or on the basis only of the 23 
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1 2 3 4 5 6 




Fig. 7. Inhibition of the reactivities of immunoaffinity purified anti- 
EBNA-I. One of each of the positive anti-EBNA-1 preparations from the 
MS, SLE, and normal groups in Table 3 were used as probes in Western 
blots against C6 cell extracts. In lanes I, 3, and 5 the respective 
autoantibodies were pre-incubated with 10 p.g/ml of a non- 
glycine/alanine EBNA-1 peptide in lanes 2, 4, and 6 the 

autoantibodies were pre-incubated with 10 ^ilg/ml of the glycine/alanine 
EBNA-1 peptide, P62. .The single 82 kDa.band seen by the autoantibody 
preparations was completely inhibited in each case by the P62. The 
diagonal marks are artifacts from forceps handling of the strips. 
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C6 H4 

Fig. 8. Comparison of the reactivities of immunoaffmity purified anti- 
EBNA- 1 with' neuroglial cell proteins in murine (C6) and human (H4) 
neuroglial ce^ extracts. The Western blots were carried out in parallel 
with each other. The preparations of anti-EBNA-1 were from 2 MS sera 
(lanes 1 and 2) and an SLE serum (lane 3). 



Table 4 . 

Relative quantities of irrelevant antibodies in MS and Norway 
sera 

MS Controls P-value * 

Pneumo 1.904 ±0.512 1 .743 ±0.539 0.m \ ^ 

huHsp60 0.071 ±0.075 oh07± 0.114 0.1 16 

Influenza 1.068 ± 0.560 l( 169 ±0.438 • 0.397 

Assays for antibodies as described in Table 1. except that the serumf ^ 
dilutions examined for pneumo and influenza were 1:1000 and 1: 10,000; 
respectively. M 
° Comparisons between MS and controls. 
*'Mean±SD. 

remaining patients with remitting/relapsing disease (Tablefp 
3). Only three of these 6 sera were still available later m^'^ 
our studies when all sera were titered to 1:6400, because- 
the six had been among those used for the specificity and 
cross reactivity studies described above. The means for thei?^ 
anti-P62 of the remaining three were 2.32, 1.86, andOjl^ 
O.D. at 1:400, 1:1600, and 1:6400 dilutions, respectively, : 
as compared with 1.76, 1.26, and 0.054 O.D. for the means 
of the 29 sera of the patients not in clinical rel^se. Iii ; 
contrast to anti-P62, anti-p542 titers were not higher in the i 
sera of the six patients in acute relapse. 

3,5. Lack of evidence for a generalized polyclonal B cell 
activation in MS 

It could be argued that the anti-P62, anti-p542, and the 
anti-80/82 kDa autoantibody responses we have docu- 
mented here are simply manifestations of a generalized 
polyclonal B cell activation in MS. To investigate this 
possibility, we compared the antibody contents of the MS ' 
and control sera to pneumococcal, influenza, and huHsp66 
autoantigen preparations (Table 4), For each antigen, the 
serum dilution examined was on the downslope of the 
respective titration curve. In none of the comparisons was 
there a significant difference between the mean antibody 
contents of the MS sera arid those of the controls. Thus, 
not all antibodies are involved in the stimulatory process 
that invokes tiie anti-P62, anti-p542 and anti-80/82 kDa 
responses in MS. 



Table 3 

IgG anti-P62 titers in MS patients 





In relapse 


Stable 




R/R MS 


all MS 


R/R MS 


No. of patients 


6 


29 


23 


Mean 


1.90 


1.58 


1.69 


Std. error 


0.053 


0.091 


0.109 


P-value ^ 




0.0041 


0.018 


value ^ 




0.026 


0.059 



Antibody assays, patients, and comparisons were as described in Table 1. 
" T-test, separate variance estimates. 
^ Mann Whitney rank sum test. 



4. Discussion 

In this series of Norwegian patients with MS, we show 
an enhanced immune and autoinmiune response related to 
the EBV antigen, EBNA-1. This is characterized by the 
following: (1) high antibody levels against the glycine/ 
alanine peptide, P62, representing die long glycine/ala- 
nine repeat in the EBNA-1 molecule; (2) a significant 
association of high anti-P62 levels witii bouts of activity in 
R/R disease; (3) high autoantibody titers in R/R disease 
to p542, an autoantigen which cross reacts with EBNA-1 
through its glycine rich epitope; and (4) the occurrence in 
high titer sera of anti-EBNA-1 antibodies that cross react 
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\vith an 82 kDa antigen in murine neuroglial cells, and 
with 80-82 and 60 kDa antigens in human neuroglial cells, 
through EBNA-l's glycine/alanine repeat. While none of 
these antibodies is exclusively found in MS, they do 
document an exaggerated immune response to EBV in MS 
and an associated cross reaction with a cell type involved 
in the disease. 

Multiple antibodies are well known to be elevated in 
MS (Sun, 1993; Norrby, 1978; Cremer et al., 1980; 
Forghani et al., 1980; Salmi et al., 1983; Shirodaria et al., 
1987; Link et al., 1990), and the elevations we describe 
here of anti-P62 and anti-p542 add to the list. Some have 
thought that these elevations may be due to non-specific, 
generalized polyclonal B cell activation, and therefore 
perhaps of less interest. However, other antibodies present 
in the serum (cf. Table 4) are not elevated. Presumably, 
therefore, antigen-specific stimulation contributes to the 
elevations, and for anti-p542 EBNA-1 seems the likely 
antigen. 

We show that anti-p542 is not polyreactive, that its 
predominant reactivity is with the deletion mutant of the 
protein that still has its glycine rich sequence, and that the 
cross reactivity with EBNA-1 is inhibitable with the 
glycine/alanine peptide, P62. The polyglycine sequence in 
p542 thus constitutes its cross reactive epitope. Similar 
glycine rich sequences are found in multiple proteins in 
eukaryotic cells, and also in some viruses. Anti-p542 thus 
is a prototype autoantibody reactive with what may be a 
new class of glycine rich epitopes. The two cross reactive 
neuroglial proteins we have identified may, as evidenced 
by their inhibition by P62, be part of such a class. 

The cross reactions we have shown do not precisely 
incriminate EBV or EBNA-1 in generation of the autoanti- 
bodies, since glycine rich sequences similar to those in 
EBNA-1 and p542 are present also in other virus species 
(discussed in Vaughan et al., 1995b). So other viruses may 
be able to generate similar autoantibodies. We have noted 
this in CMV-induced infectious mononucleosis (Rhodes et 
al., 1990). HoWever, the serological and epidemiological 
studies we noted in our introductory comments (Sumaya et 
al., 1980; Bray et al., 1983, 1992a,b; Larsen et al., 1985; 
Craig et al., 1988; Operskalski et al., 1989; Martyn et al„ 
1993; Lindberg et al., 1991; Riise et al., 1991) suggest that 
it would be EBV in MS. By a computer search of the 
GenEmbl and SWISS-PROT database libraries, neither 
measles nor any of the other viruses that have been 
considered as possible inciting agents in MS, have proteins 
containing glycine rich sequences. Among herpes viruses, 
CMV proteins do have such sequences, but Bray et al. 
(1983) did not find elevated anti-CMV titers in MS. By 
our computer search, human herpes virus-6 (HHV6) also 
does not have them. The possibility exists, nevertheless, 
that microbial antigens devoid of glycine rich sequences, 
but nevertheless having configurations capable of eliciting 
antibodies with cross reactions inhibitable by P62, could 
have elicited the autoantibodies we describe here. 



Our initial studies were directed to the amounts and 
specificities of anti-p542 in MS sera, and these served to 
support our conclusion that there is an increased EBV-re- 
lated autoimmune response in MS. We later recognized, 
however, that acute exacerbations of disease in patients 
with remitting/relapsing MS were associated with very 
high values of anti-P62, but not of anti-p542. If an EBNA- 
l -related autoimmunity were to have meaning in pathogen- 
esis, therefore, it would presumably have to be through 
cross reactions other than that with p542. The cross reac- 
tions of anti-EBNA-1 with the 82-80 kDa and 60 kDa 
proteins in neuroglial cells might be considered for this. 

Investigation of the distribution of the 80-82 kDa and 
60 kDa proteins has shown that they are not limited to 
neuroglial cells, but that they also occur in T lymphocytes 
and possibly in smaller amounts in other cells (not shown). 
Additionally, neither anti-p542, as shown in Vaughan et aL 
(1995a), nor autoantibodies to the neuroglial proteins (Ta- 
ble 2), are exclusive for MS. Clearly, there is lack of tissue 
specificity, as well as of disease specificity, for these 
autoantibodies. Does this make them insignificant in re- 
spect to pathogenesis? We do not know the answer to this, 
but the possibility that an EBV-induced autoinmiunity can, 
in presence of other more disease-specific and localizing 
influences, contribute important collaborative effects in 
pathogenesis seems appropriate for further investigation. 
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From one patient with systemic lupus 

erythematosus retaining lupus anticoagulant (LAC) , 6 Epstein 
-Barr virus -transformed human B cell clones secreting 
antibodies that affect the coagulation assay were 
established. Two and 4 of the clones secreted IgM and IgG 
antibodies, resp. Although all 6 antibodies displayed 
anticardiolipin activity in ELISA, the increased binding activity in 
the presence of .beta. 2 -glycoprotein I was limited only to the IgG 
antibodies. Five antibodies (two IgM and three IgG) had LAC 
activity which prolonged the activated partial thromboplastin time 
(APTT) , whereas one IgG antibody shortened the APTT. Two of the IgG 
producing clones had an identical Ig heavy chain gene rearrangement 
despite their opposite effects on the coagulation assay. 
These results demonstrated the heterogeneity of LACs and diversity'^ 
among their physiol. functions. 
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From one patient with systemic lupus erythematosus retaining lupus anticoagulant (LAC), 
we established 6 Epstein-Barr virus-transformed human B cell clones secreting antibodies that 
affect the coagulation assay. Two and 4 of the clones secreted IgM and IgG antibodies, 
respectively. Although all 6 antibodies displayed anticardiolipin activity in ELISA, the 
increased binding activity in the presence of B2-glycoprotein I was limited only to the IgG 
antibodies. Five antibodies (two IgM and three IgG) had LAC activity which prolonged the 
activated partial thromboplastin time (APTT), whereas one IgG antibody shortened the APTT. 
Two of the IgG producing clones had an identical Ig heavy chain gene rearrangement despite 
their opposite effects on the coagulation assay. These results demonstrated the heterogeneity 
of LACs and diversity among their physiological functions. 
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Lupus anticoagulant (LAC), which was first described as a natural anticoagulant 'fa'^ 
patients with systemic lupus erythematosus (SLE), is an autoantibody directed^'^' 
phospholipids including cardiolipin. It shows anticoagulant activities in phospKoU^ 
dependent coagulation assays such as the activated partial thromboplastin timer fARTt 
However, patients v^th LAC usually do not have bleeding diathesis but rather parad^M^ 
exhibit a tendency toward thrombosis (1). Many investigators have indicated!^eio 
relationship between LAC and adverse pregnancy outcomes due to thromboembolisintii(i!^i3S 
placenta. These include spontaneous abortion, intrauterine growth retardation and rcfcuri:^^ 
still birth (1, 2). Since pathogenic autoantibodies in autoimmune diseases are considered tq b€ 
IgG, early studies have mainly focused on the involvement of IgG class LAC or anticardioH-'* 
antibody (ACA) in gestational impairment (2-4). Harris et al. (3) have reported that the 
level of IgG ACA is predictive of fetal loss. Branch et al. (4) described that pregnant mice^ 
injected with IgG ACA aborted within 48 hours and that the deciduae of the aborted mi' 
showed considerable IgG and fibrin deposition. 

Although understanding of the clinical features of LAC has increased, the diversity of LACsf 
and the difference between IgM and IgG LACs in pathogenesis have remained controversial'^' 
For example, Gleicher et al. (5) have reported the association of IgM LACs with habitual 
abortion. To address these issues, the physiological nature of IgM and IgG LACs from ; 
individual patients should be compared at the monoclonal level. Recently, we established 6;.^; 
Epstein-Barr virus (EBV) -transformed B cell clones secreting antibodies that affect the APTT 
assay. Using the established clones, we examined the effects on the coagulation assay and:-'* 
interactions between the antibodies. 



Materials and Methods 



The patient is a 34-yr-old woman with SLE who satisfied the revised criteria of the American 
Rheumatism Association (6). She has experienced Libman-Sack endocarditis, 
glomerulonephritis, seizure attacks and six consecutive fetal losses but no history of bleeding 
diathesis. At sampling, she was not pregnant and was in the relapsing phase under no drug 
administration. Her laboratory examination revealed biological false positive serologic tests for 
syphilis, the presence of ACA in a 132-GPI dependent manner and remarkable prolongation of 
APTT, which was not corrected by adding an equal volume of normal plasma. Details and 
conditions of the EBV-transformation, cloning and Southern blot procedures were essentially 
the same as described elsewhere (7). 

LAC positive clones were screened using culture supematants, by means of the APTT assay 
described by Rauch et al. (8) All samples were tested in duplicate, and the mean values were 
adopted. Platelin® (Organon Teknika Corp. , Durham, NC, USA) diluted 20-fold was used as 
the phospholipid source. The culture supematants, the concentrations of which varied from 4 
to 7 pg/ml, were also assayed by human IgM- or IgG- specific ELISA for heavy chain isotype 
determination. The supernatants of clones C2 and CI 8 were used as IgM and IgG controls, 
respectively. To determine the interactions between the monoclonal antibodies, the samples 
assayed by APTT consisted of pairs of supematants from different clones, at equal volumes. 
Antibodies from the selected clones were tested for cardiolipin binding activity by ACA ELISA 
in the presence (10 \ig/m\) or absence of B2"*^PIi ELISA followed the procedure of 

McNeil et al. (9) Each of the culture supematants of the selected clones was added to 6 wells 
(50 (il/well) in one ELISA plate (coated with 50 ^g/ml cardiolipin). Alkaline phosphatase 
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(ALP) -conjugated goat antihuman IgM or IgG (Kirkegaard & Peny Laboratories Inc. , 
Gaithersburg, MD, USA) diluted 500-fold in 0.05% Tween 20/phosphate buffered saline 
(PBS-T) was used as the second antibody depending on the Ig class of antibodies tested. 
Every wash was performed three times with PBS-T. P-nitrophenyl phosphate in bicarbonate 
buffer was used as a substrate for ALP. Optical density (O. D. ) values read at 405 nm were 
statistically analyzed (t-analysis). APTT in seconds and the O. D. of all samples were 
compared with those of cell culture medium, RPMI 1640 + 10% fetal calf serum (RPMI/FCS). 



Results 

We finally analyzed 6 EBV-transformed human B cell clones established fi'om one patient 
with SLE. Two clones (B9 and Gl) secreted IgM, while the other four (C4, C5, HI and H8) 
produced IgG (Table 1). To confirm the monoclonality and to compare the Ig heavy (H) - 
chain gene rearrangements of the clones, we performed Southern hybridization using a human 
J}1 probe. As shown in Fig. 1, all of the Bgl II digested genomic DNAs from the 6 clones 
generated only two rearranged Jf^-containing DNA fragments of various sizes, which 
demonstrated the monoclonality of each clone. An identical profile of IgH-chain gene 
rearrangement was found in HI and H8 DNAs, although the supematants from these two 
clones exert opposite effects , namely, HI prolonged APTT whereas H8 shortened it (described 
below). The possibility of comigration of different JH-containing DNA fragments was 
examined by means of digestion with various restriction endonucleases. The same results were 
repeatedly obtained from Hind III (Fig. 2A), Eco RI (Fig. 2B) or Bam HI (data not showTi) 
digests, suggesting that these two clones are clonally related. 

The supernatants of the 6 clones were tested for the activities of anticoagulant and 
cardiolipin binding by APTT assay and by ELISA, respectively. The supematants from 5 
clones (B9, Gl, C4, C5 and HI) had LAC activity that prolonged APTT and which worked 
synergistically (Tables 1 and 2). The supernatant from clone H8 shortened the APTT and 
antagonized the LAC activities of the other 5 supematants (Tables 1 and 2). The ELISA 
showed that all of the 6 supernatants carried cardiolipin binding activity (Table 1). The APTTs 
and 0. D. s of supematants from C2 or CIS did not show significant changes in comparison 
with those of RPMI/FCS. ACAs related to thromboembolism are reportedly directed against 



Table 1 : ACA ELISA of the supematants from 6 
lymphocyte clones 



clone 


isotype 


O.D. in ACA ELISA* 


B9 


IgM 


0.48 ±0.08 


Gl 


IgM 


0.79 ±0.04 


C4 


IgG 


0.17 ±0.02 


C5 


IgG- 


0.35 ±0.02 


HI 


IgG 


0.71 ±0.17 


H8 


IgG 


0.67 ±0.15 


*Values are means 


±SD of 6 wells, in which O.D. 



with RPMI/FCS was set to zero. 
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Genomic Southern hybridization of Bgl II -digested DNAs from 6 B lymphocyte 
clones. 

Molecular size is expressed in kilobases (kb). GL is a germ line control. 

A comparison of the Southern hybridization profiles between clones HI and H8. 
The DNAs were digested with Hind III (A) or Eco RI (B). 



an antigen composed of a complex of negatively charged phospholipids and cardioiipin 
cofactor (B2-GPI) (9). In ELISA, ^^2'^^^ increased the cardioiipin binding activities of IgG 
antibodies from clones C4, C5, HI and H8, but decreased those of IgM antibodies from clones, 
B9 and.Gl (Fig. 3). 

Discussion ^ * 

So far, limited information is available concerning the characteristics of LAC antibodies, 
since most LACs have been analyzed using sera, IgM or IgG fractions from patients. B cell 
clones producing antiphospholipid antibodies have been established from patients with SLE (8, 
10). However, most of them secrete IgM (8), and only one known IgG class antibody does 
not have LAC activity (10). Therefore, the present report is the first description of the 



Table 2 : [jiteractions between monoclonal antibodies in the AFTT 





B9 


Gl 


C4 


C5 


ki 


H8 


B9 


76,3 


88.9 


89.8 


87.2 


80.6 


70.5 


Gl 




79.8 


89.0 


87.7 


8L8 


71.9 


C4 






82.7 


90.2 


83.9 


73,6 


C5 








78.7 


84.5 


74.6 


HI 










77.8 


72.1 


H8 












55.1 



Numbers refer to the APTT in seconds (mean of duplicate). 
The APTT with RPMI/FCS was 63.9 seconds. 
Supematants of different clones were mixed in pairs (at equal 
volumes) and the APTT was assayed. . 
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Fig. 3. 

The binding activities of monoclonal antibodies from 6 clones to cardiolipin in ELISA. 
The dependence or independence upon B2-glycoprotein I of the cardiolipin binding of 
the 6 human monoclonal antibodies was tested using culture supematants. ACA 
ELISA was performed in the presence (hatched column) or absence (unfilled column) 
of 62-glycoprotein I *P < 0-005, **P < 0-001. 



heterogeneity of LACs and of a difference in the fijnction among antibodies, in particular, 
between IgM and IgG LACs in an individual. 

We established 6 EBV-transformed human B cell clones that produce monoclonal IgM or 
IgG antibodies that affect phospholipid dependent coagulation assay. Among them, 5 
antibodies '(B9, Gl, C4, C5 and HI) prolonged the APTT and worked synergistically 
regardless of their isotypes (Tables 1 and 2). The distinct Southern blot profiles of IgH-chain 
gene rearrangement among the B cell clones gave direct proof of the heterogeneity of LACs in 
an individual. The synergistic effect of heterogeneous LACs may be related to the variations in 
thromboembolism. 

One antibody, H8, shortened the APTT and inhibited the LAC activity of the other 5 
antibodies (Tables 1 and 2). This is the first idenfification of such an antibody in LAC positive 
patients. Although its physiological function remains unknown, similar findings in Graves' 
disease, in which thyroid-stimulating antibody (TSAb) and thyroid- stimulation-blocking 
antibody (TSBAb) coexist in patient sera (11), have been reported. 

In addition to their physiological activities in the coagulation assay, all 6 antibodies displayed 
cardiolipin binding activity (Table 1). The increment in the binding of IgG antibodies to 
cardiolipin in the presence of i32-GPI (Fig- 3) is consistent with previous observations, 
supporting the involvement (12-14) of 132-GPI in the antigen recognition of pathogenic IgG 
ACA. The binding activity of two IgM antibodies to cardiolipin was inhibited by B2-GPI. 
Previous studies have reported that the binding activity to cardiolipin of serum autoantibodies 
from patients with infectious diseases (12), syphilis (13) or hemophihacs (14) was inhibited by 
B2-GPI. However, there are no reports about the inhibitory effect of B2-GPI upon the binding 
of human monoclonal IgM autoantibody with LAC activity to cardiolipin. Our resuhs imply 
that the features of binding activity to cardiolipin by LACs are divided into two types. One is 
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dependent upon B2-GPI, as shown in our IgG LACs, and the othejir is not dependent upp^ 
GPI, as shown in our IgM LACs. This typing probably results from a difference iiig 
recognized epitopes between IgM and IgG LACs in this patient, which should be clarifiedL^ 
Of interest is that two IgG producing clones, HI and H8, displayed an identical profiJi| 
IgH-chain gene rearrangement, indicating that they are clonally related. Although both eli^ 
possess cardiolipin binding activity in a 62*^^1 dependent manner, they had opposite effSct 
on the coagulation assay. These results indicated the contribution of somatic mutations to t 
alteration of physiological phenotypes of LAC antibodies. 
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Abstract 

Interleukin (IL)-12 was originally identified as a factor produced by human Ep- 
stein-Barr virus-transformed B cell lines. It was detected by one group as cytoxic 
lymphocyte maturation factor, a cytokine that synergized with IL-2 in the in- 
duction of lymphokine-activated killer cells and cytotoxic T lymphocytes. A sec- 
ond group characterized it as a natural killer (NK) cell stimulatory factor, due to 
the enhancement of cytotoxicity and IFN-y synthesis by NK cells. Human IL-12 
was purified to homogeneity and cloned by both groups. We had identified a 
murine factor, provisionally termed T cell-stimulating factor (TSF), which was 
involved in the proliferation, synthesis of IFN-y and cell adhesion of CD4+ Thl 
cells. TSF was produced in the antigen-specific interaction between Thl cells and 
macrophages as antigen-presenting cells, partially purified from supematants of 
such cultures, and shown to be identical to IL-12. Monocytes/macrophages ap- 
pear to be the major source of IL-12. It is rapidly produced by phagocytic cells 
after stimulation with several bacteria^acterial products and other microorgan- 
isms. In the light of its effects on NK cells as well as CD4+ and CD8+ T cells, 
IL-12 can be regarded as a cytokine that connects the innate immune system with 
the acquired immunity IL-12 has a broad range of activities already reviewed in 
three papers. These include the regulation of cytokine synthesis and proliferation 
of T and NK cells, the promotion of Thl cell development, the differentiation of 
CD8+ T cells and effects on hematopoiesis. When applied in vivo, IL-12 was 
shown to enhance the resistance to bacterial and parasitic infections, to promote 
antitumor immunity, and to influence antiviral responses including HIV in vivo 
or in vitro. This review will briefly summarize these effects, but mainly focus on 
recent results concerning the regulation of the production and the activity of 
IL-12, its role in the differentiation of Th cells and the implications for delayed- 
and immediate-type hypersensitivity reactions, its importance for organ-specific 
autoimmune diseases, and the possible role of the IL-12p40 homodimer as a spe- 
cific inhibitor of the IL-12 heterodimer. 



Structure of IL-12 and Its Receptor, Signal 
Transduction and Role of IL-12(p40)2 

Hie heterodimeric structure of IL-12 is unique among 
^ •t^ikines [1-3]. Two N-glycosylated polypeptide chains of 
•'pproximateiy 40 kD (p40) and 35 kD (p35) linked by a sin- 



gle disulfide bond form the active molecule. Mature human 
p40 is composed of 306 amino acids with a calculated mo- 
lecular weight (Mr) of 34,699. It contains 10 cysteines and 4 
possible N-linked glycosylation sites. The mature human 
p35 is composed of 197 amino acids with a calculated Mr of 
22,513. It contains 7 cysteines and 3 possible N-linked gly- 
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cosylation sites [4, 5]. The genes encoding both chains of 
murine IL-12 were cloned by cross-hybridization using hu- 
man cDNA clones [6]. The murine p40 chain has 70%, the 
murine p35 chain 60% identity to the human genes, respec- 
tively. Coexpression of both chains of IL-12 within one cell 
is required to generate bioactive IL-12 heterodimer [4-6]. 
Whereas murine IL-12 is active on mouse and human cells, 
human IL-12 is only active on human cells. This species 
specificity appears to be determined by the p35 chain, be- 
cause a hybrid heterodimer consisting of murine p35 and 
human p40 retained activity on murine and human cells. In 
contrast, a hybrid IL-12 molecule comprised of human p35 
and mouse p40 was active on human but not on mouse cells 
[6]. Certain parts of the IL-12p35 sequence are related to 
those of IL-6 and granulocyte colony-stimulating factor (G- 
CSF), suggesting that p35 is evolutionary derived from a 
primordial cytokine [7]. The primary amino acid sequence 
of p35 predicts a structure containing 4 antiparallel a-helic- 
es. By replacing murine p35 sequences with human p35 se- 
quences, Zhou et al. [8] identified five sites clustered on one 
side of the p3 5 molecule which contribute to the species 
specificity of IL-12. Such a mutated molecule was still ac- 
tive on human cells. However, the affinity for the mouse 
IL-12 receptor was about 30-fold lower and the bioactivity 
was reduced about 3,000-fold, demonstrating that p35 sig- 
nificantly contributes to receptor binding and largely deter- 
mines bioactivity [8]. In contrast, IL-12p40 appears to be 
mainly involved in receptor binding without inducing a bi- 
ological signal. This is supported by the finding that super- 
natants of COS cells transfected with the IL-12p40 cDNA 
specifically antagonized in a dose-dependent manner vari- 
ous effects of the IL-12 heterodimer on murine Thl clones 
[9]. Gillessen et al. [10] have shown that a homodimer of the 
murine p40 chain [IL-12(p40)2] binds to the high affinity 
IL-12 receptor with an affinity similar to that of the IL-12 
heterodimej, whereas the p40 monomer is about 25- to 50- 
fold less active than the homodimer in causing specific, 
dose-dependent inhibition of IL-12 in bioassays as well as in 
competitive binding studies of ['^^I]-labeled mouse IL-12 to 
T cell blasts. Human p40 also exists in a monomeric and 
dimeric form, the latter being about 20-fold more effective 
in inhibiting the IL-12 heterodimer. However, in contrast to 
mouse IL-12(p40)2, the affinity of human IL-12(p40)2 for 
the high-affinity IL-12 receptor is 5- to 10-fold lower than 
that of human IL-12. Likewise, human IL-12(p40)2 is ap- 
proximately 10-fold less potent than mouse 1L-I2(p40)2 in 
the inhibition of biological effects of the IL-12 heterodimer 
[11]. The human p40 sequence is related to the extracellular 
domain of some members of the hematopoietic cytokine re- 
ceptor superfamily, in particular to the IL-6 receptor 



(IL-6R) [12] and the ciliary neurotrophic factor recep^ 
The observed relatedness between p35 and G-CSF.a^ 
as between p40 and the IL-6R led to the suggestioti 
IL-12 might be derived from a complex of a cytokiiie^ 
its soluble receptor, and that the IL-12 receptor mighf^ 
some homology to the gpl30 molecule [7], which is partjo 
the high-affinity IL-6R and responsible for signal transd^ 
tion [13]. Indeed, the recent cloning of a human IL-12 rec€^ 
tor chain confirmed this hypothesis. The cDNA encodes|^ 
a 662-amino acid type I transmembrane protein whichl@ 
significant homology to gpI30 [14]. The jextracelluMp 
main comprises 516 amino acids and is separated by a trah^ 
membrane part from the 91 -amino acid cytoplasmic 
main. However, this subunit, probably as dimer or eveaojit 
gomer, binds IL-12 and IL-12(p40)2 with only low affmi| 
(2-6 nmol/1). Thus, further IL-12R subunits probably exis^^ 
which are required for the intermediate (50-200 pmoWJ 
and high-affinity (5 to 20 pmol/l) binding of IL-12 to phyt^ 
hemagglutinin-activated peripheral blood mononuclear 
cells (PBMC) [14]. The cloned IL-12R subunit does m 
contain motifs known to be involved in the initiation of sig- 
nal transduction. Tyrosine kinases appear to be activated 
following stimulation of T and NK cells with IL-12 [15-17]. , 
These include JAK2 and TYK2 kinase [17] as well as a 44- 
kD mitogen-activated kinase [16]. 

Regulation of IL-12 Synthesis and Activity as well ^ 
as Expression of the Subunits ^% 

Human IL-12 was originallv identified and purified from 
the supematants of Epstein-Barr virus (EBV)-transfornied 
B cell lines stimulated with phorbol diesters [18-20]. Most 
but not all lines from a large panel of EB V-transformed B 
cells produced IL-12, whereas Burkitt-lymphoma-derived 
lines, even when expressing EBV, did not [20]. However, 
normal B lymphocytes do not appear to be a major source of 
IL-12 in vivo, since injection of lipopolysaccharide (LPS) 
yields similar levels of IL-12 in normal and in B cell-defi- 
cient SCID mice [21]. Furthermore, IL-12 is not produced 
when Thl cells are activated with B cells as antigen-present- 
ing cells (APC) [unpubl. observation, indirect evidence in 
22, 23]. The major producer cells of IL-12 were found to be 
monocytes/macrophages. Upon stimulation with LPS, 
gram-positive and gram-negative bacteria [20, 24-26], and 
intracellular parasites [27, 28] monocytes/macrophages ef- 
ficiently produce IL-12. Very recently, a Leishmania major- 
derived recombinant protein was described which induced 
the synthesis of IL-12 by human PBMC as well as by puri- 
fied monocytes [29]. Besides various known and unknown 
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roducts from different microorganisms as triggers of IL-12 
''vnthesis, mouse lL-12 was originally identified as a factor 
oroduced during the antigen-specific interaction of Thl 
ells and spleen cells or bone marrow-derived macrophages 
/VPC [30]. IL-12 synthesis in such cultures did not neces- 
^rily depend on the antigen-specific interactions because 
eocultivation of activated [with an anti-CD3 monoclonal 
antibodies (mAb) or with antigen presented by major histo- 
compatibility complex (MHC) class Il-transfected fibro- 
blasts] Thl cells and allogeneic, third party macrophages 
did also result in the production of IL-12. Direct contact be- 
tween the activated T cells and the macrophages was re- 
quired, suggesting that membrane molecules are involved. 
Shu et al. [31] very recently reported similar findings. In 
addition, they showed that interfering with the CD40-CD40 
li"and (gp 39) interaction in cocultures of monocytes and 
activated Th cells abrogated the synthesis of IL-12. Further- 
more, ligation of CD40 molecules on the surface of mono- 
cytes by cross-linked anti-CD40 mAb resuhed in IL-12 pro- 
duction. These results strongly support the conclusion that 
ihe interaction of the CD40 ligand (gp 39) expressed on ac- 
tivated T cells with CD40 on the surface of monocytes/mac- 
rophages results in the synthesis of IL-12. It has been report- 
ed that bacterial superantigens such as staphylococcal ente- 
rotoxin B and toxic shock syndrome toxin-1 induce IL-12 
production by human PBMC [32]. However, since whole 
PBMC but not purified monocytes were activated with 
these superantigens it is unclear whether this is a direct ef- 
fect on monocytes or indirectly mediated by activated T 
cells. Besides monocytes/macrophages other cell types 
have also been reported to produce IL-12 or to express 
iiiRNA for both subunits of IL-12. These include dendritic 
cells [33, 34], neutrophils activated with LPS in the pres- 
ence of interferon-Y (IFN-y) [35], normal and malignant 
keratinocytes [36, 37], murine mast cells cultured in mast 
cell growth factor [38] and thymic stromal cells [39]. The 
most potent inhibitor of IL-12 synthesis by monocytes/mac- 
rophages appears to be lL-10 [23, 24, 26, 27, 35, 40-43], 
which acts at the protein as well as at the mRNA level. The 
cytokines IL-4, lL-13 and transforming growth factor-P 
(TGF-P) can also suppress the production of IL-12 when 
added simultaneously with bacterial inducers. However, 
preireatment of monocytes with IL-4 or lL-13 followed by 
activation with Staphylococcus aureus Cowan (SAC) or 
LPS enhances IL-12 production [44]. Similar to, but inde- 
pendent of IL-10, addition of prostaglandin Ej to cultures of 
1 PS-stimulated human PBMC strongly downregulated 
IL-12 production [45]. We have made similar observations 
liinpubl. data] using the phosphodiesterase inhibitor pen- 
i*'xifylline and mouse macrophages stimulated with LPS or 



heat-killed Listeria. Thus, elevations of the intracellular lev- 
els of cyclic AMP can also inhibit the synthesis of IL-12 by >' 
monocytes/macrophages. 

The ability of recombinant ILrl2(p40)2 to inhibit the 
bioactivity of heterodimeric IL-12 might constitute a sec- 
ond level of regulation. Experiments with recombinant 
IL-12(p40)2 indicate that an about 10- or 100-fold excess of 
IL-12(p40)2 over IL-12 is required to achieve a 50 or 90% 
inhibition of the effects of IL-12 on Thl cells, respectively 
[unpubl. observations]. Stimulation of EBV-transformedB 
cell lines with phorbol diesters [18-20] and of human 
PBMC [20], human peripheral blood neutrophils [35], or 
mouse macrophages [unpubl. observations] with bacterial 
products resulted in the production of a large (10- to 100- 
fold) excess of IL-12p40 over IL-12 heterodimer. Further- 
more, normal mouse serum as well as sera from mice in- 
jected with LPS [46] and pleural fluid firom humans with 
tuberculous pleuritis [47] have been shown to contain p40 in 
excess over the IL-12 heterodimer. In situ hybridization 
studies on spleen sections from either unstimulated or LPS- 
injected mice revealed that most of the mRNA for p35 and 
p40 were localized in different, mutually exclusive areas of 
the spleen [48] . This suggests that p40 might be produced in 
vivo, either by cells expressing only p40 and no p35 or pos- 
sibly by cells which first synthesize IL-12 but continue to 
upregulate p40 expression leading to an overproduction of 
1L-I2p40. However, whether this is mainly IL-12(p40)2 or 
monomeric p40, and whether the overproduction of p40 is 
of physiological relevance has yet to be demonstrated. 

A third level of regulation of the bioactivity of IL-12 is 
probably exerted by TGF-|3. This potent anti-inflammatory 
cytokine inhibited the IL-12-induced cytokine production 
by naive human CD4+ T cells [49], the IL-12-promoted Thl 
cell development of naive murine CD4+ T cells [50], and 
the IL-12-triggered synthesis of IFN-y by murine natural 
killer (NK) cells as well as the T cell-independent resistance 
of mice to Toxoplasma gondii infection [51]. 

While studying the mRNA expression of both subunits 
of IL-12, it was observed that p35 transcripts were ubiqui- 
tously expressed in almost all hematopoietic and nonhema- 
topoietic cell lines investigated [1]. Furthermore, only p35 
but no p40 message was detected in mouse brain and lung 
[6]. In addition, the B cell regions in spleens from normal or 
LPS-injected mice showed a broad staining for p35-but al- 
most no p40 signal when investigated by in situ hybridiza- 
tion [48]. Since to date secretion of the p35 protein by nor- 
mal cells or cell lines has not been demonstrated, the signif- 
icance of the expression of p35 transcripts in the absence of 
p40 remains to be determined. 
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Effects of iL-12 on Proliferation, Cytokine 
Production and Cytotoxicity by T and NK Cells 

Resting T and NK cells show little if any proliferation in 
response to ILt12. Activation of PBMC with lectins, phor- 
bol diesters, anti-CD3 mAb, allogeneic cells or lL-2 induc- 
es responsiveness to IL-12. This can in part be explained by 
an upregulation of receptors for IL-12 [52]. Growth-pro- 
moting effects of IL-12 were described for CD4+ and CD84- 
T cells [22, 23, 53-57], ylb T cells [55], and NK cells [53, 
58]. These can be direct, as shown for CD8+ T cell blasts 
shortly after activation (day 2-6), or due to the at least addi- 
tive growth-promoting activity of IL-2 and IL-12 on more 
resting T cells [22, 23, 53-55]. When activated with anti- 
bodies against CD28, the proliferation of human lympho- 
cytes was synergistically enhanced by IL-12 [43]. Likewise, 
the proliferation of murine Thl clones activated with sple- 
nic APC was dependent on IL-12 and B7 [42]. Anergized 
murine T cells did only marginally proliferate to IL-12 due 
to a lack in IL-12 responsiveness [59]. In contrast to these 
growth-enhancing effects, IL-12 can also suppress the pro- 
liferation of resting y/b T cells and NK cells [55, 56, 60] 
induced by high doses of IL-2. 

One of the most important effects of IL-12 is the strong 
enhancement of IFN-y synthesis by T and NK cells. This 
effect is observed even with resting cells expressing only a 
few high-affinity IL-12 receptors! In vivo, intraperitoneal 
injection of mice with IL-12 also results in strong IFN-y 
production [61]. IL-12 enhances the synthesis of IFN-y by 
human [18, 49, 62] and mouse [9, 63.] T cells induced with 
phorbol diesters of T cell receptor/CD3. A particularly 
strong synergistic effect on the production of IFN-y by T 
and NK cells was observed when IL-2 and IL-12 were com- 
bined [9, 18, 49, 62]. IL-12 primarily upregulated the tran- 
scription of the IFN-y gene, whereas the effect of IL-2 was 
mainly posttranscriptionally [64]. In addition to IL-2, the 
cytokines ti^mor necrosis factor-a (TNF-a) and IL-ip [40, 
49] as well^as the interaction of CD28 with the B7 ligands 
-enhance the IL-12-triggered synthesis.of IFN-y [42, 43]. Be- 
sides IFN-y synthesis, activation of human T cells with. 
IL-12 and anti-CD28 antibodies resulted in the synthesis of 
granulocyte-macrophage colony-stimulating factor and 
TNF-a [43], indicating that IL-r2 can affect the production 
of several cytokines. 

IL-12 also exerts profound effects on the cytotoxicity of T 
and NK cells. Activation of NK cells (generation of lympho- 
kine-activated killer cells), with IL-12 augmented the cyto- 
toxic activity against NK cell-sensitive and cell -resistant tar- 
get cells in vitro [15, 60, 65-67] and in vivo [61]. TNF-a ap- 
pears to be an important cofactor for the IL-12-iriduced 



development of LAK cell activity [65, 66]. The maturatioijt 
well as the the cytotoxic activity of CD8+ T cells is enhance 
by IL-12 [15, 56, 57, 68]. The expression of the cytotoxici^' 
associated proteins granzyme A and B as well as perforin ' 
upregulated by IL-12 in T and NK cells [57, 68, 69]. 

Taken together, these results 'clearly show that IL-12 has a^^ 
profound effect on proliferation, cytokine synthesis, and cy- 
totoxicity of T and NK cells [see also 3], the main target 
cells of IL-12. Some recent evidence suggests that^^ 
IL-12 may also act (directly) on B cells and APC. The secre- 
tion of IgG by purified human B cells activated with SAC • 
and IL-2 was increased by IL-12 [70], and_preincubation of5 
APC (splenic adherent cells) with IL-12 inhibited their ca4 
pacity to induce the antigen-specific synthesis of IL-4 by in 
vivo-primed memory T cells [71]. 

The Influence of IL-12 on Hematopoiesis 

IL-12 has a direct effect on early hematopoietic progen- 
itor cells. In combination with other hematopoietic growth 
factors such as steel factor, IL-3 or GM-CSF it promotes the 
growth/survival of hematopoietic progenitor cells in vitro 
[72-74] and it induces extrameduUary hematopoietic foci in 
the spleen and liver of IL-12-treated mice [61]. However, in 
the presence of a few NK cells it inhibits colony formation 
in vitro due to the secretion of TNF-a and IFN-y [74], and 
prolonged treatment with high doses of IL-12 in vivo results 
in severe anemia and neutropenia [61] . 



IL-12 in Infectious Diseases 

Similar to TNF [75, 76],TL-12 has a central role in the 
immune response to several microorganisms. IL-12 is part 
of the innate resistance mechanisms of the immune system, 
as shown by the ability of anti-IL-12 reagents to interfere 
with the response of SCID mice to infection with Listeria 
monocytogenes [77] or T gondii [78]. It is also part of the 
acquired immune response to different microorganisms, 
mediated largely by CD4 T cells. Antibodies to IL-12 inhib- 
ited the protective immune response to L major [79], Liste- 
ria m. [77], T gondii [78], Yersinia enterocolitica [80], and 
Candida albicans [81] in the respective mouse strains. Fur- 
thermore, administration of IL-12 to susceptible strains of 
mice, which usually succumb to infection, induced a protec- 
tive immune response. This occurred in BALB/c mice in- 
fected with L major [79, 82, 83] or Y enterocolitica [80] and 
in C57/BL6 mice immunized with Schistosoma mansoni 
eggs [84, 85]. IL-12 treatment also prolonged the survival of 
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immunodeficient mice infected with T. gondii [28, 86]. 
Even more important was the potent adjuvant effect of IL-12 
n the prophylactic immunization with microbial protems. 
Vaccination of BALB/c mice with leishmanial antigen and 
lL-12 or of C57/BL6 mice with S. mansoni eggs and IL-12 
resulted in protection against a subsequent challenge with L 
major [87] or 5. mansoni eggs [84]. In infectious diseases of 
humans, IL-12 was detected in the pleural fluid of patients 
with tuberculous pleuritis [47] and it was expressed 10-fold 
greater in lesions of patients with tuberculoid leprosy than 
with lepromatous leprosy [88]. Neutralization of IL-12 par- 
tially inhibited the mycobacteria-specific proliferation of 
pleural fluid cells [47], and exogenous IL-12 stimulated 
proliferation by CD4+ T cells from patients with tubercu- 
loid leprosy but not by CD8+ T suppressor cells from pa- 
tients with lepromatous leprosy [88; for a more detailed 
review, see 3]. 



IL-12 in Murine Shock Models 

Whereas TNF and IL-12 are necessary in the defense 
aiiainst microorganisms, an overproduction of both cyto- 
kines plays a central role in shock pathogenesis. In LPS- 
iriagered endotoxic shock [21, 46] as well as in the general- 
ized Shwartzman reaction [89] neutralization of IL-12 pre- 
vented the lethal outcome of shock, primarily by inhibiting 
the synthesis of 1 FN -y. 



IL-12 in Viral Infections Including HIV 

Administration of IL-12 to mice infected with the lym- 
piiocyte choriomeningitis virus (LCMV) has opposite, 
dose-dependent effects [90, 91]. Daily doses of 10 or 1 ng 
iL-12 reduced, the LCMV titer. In contrast, higher doses 
(0.1/1 ng/day) suppressed the proliferation of LCiVIV-spe- 
afic CD8+ T cells and led to an increase of the LCMV titer. 
The detrimental effects of high doses of IL-12 in LCMV 
infection were largely prevented by neutralization of TNF-a 
\^\]. However, treatment with IL-12 inhibited the develop- 
ment of a retrovirus-induced syndrome termed murine ac- 
quired immunodeficiency syndrome (MAIDS). IL-12 treat- 
ment was effective in MAIDS when started at the time or 
even several weeks after infection and required endogenous 
ll-N-Y [92]. Similarly, in human HIV infection/AIDS treat- 
ment with IL-12 might be beneficial. PBMC from HIV-in- 
fected patients produced less IL-12 in response to bacterial 
"-limuli than PBMC from healthy donors [93]. Addition of 
11.-12 to PBMC from AIDS patients enhanced the synthesis 



of IFN-Y and the proliferation of T cells to recall antigfehs ' : 
and HIV peptides [94] as well as the cytotoxic activity of 
NK cells [67]. Thus, IL-12 might be able to enhance an anti- 
HIV immune response as well the resistance to opportums- 
tic infections frequently observed in.'AIDS patients. 

Tumor Models and IL-12 

Systemic treatment with relatively high doses of IL-12 
[95-97], or stable transduction of tumor cells with the genes 
for both'subunits of IL-12 [98] can suppress the growth and 
metastasis of certain tumors in several in vivo models. In 
some murine tumor models, therapeutic activity of IL-12 
against already established tumors was observed [95-97]. 
Low doses of IL-12 in combination with a tumor-specific 
peptide in adjuvant elicited a protective antitumor response 
[97]. However, the molecular and cellular events mediating 
the IL-12-induced antitumor response are complex. Where- 
as in some models the protective effect appears to be largely 
mediated by CD8+ T cells [95-97], NK cells were mainly 
responsible in another model [98]. Neutralization of IFN-Y 
can reverse the antitumor activity of IL-12 [96]. In one mod- 
el, depletion of CD4+ T cells strongly enhanced the NK-/ 
CD8-I- T cell-mediated antitumor response [98]. In contrast 
CD4+ T cells were involved in the protective effect of tumor 
peptide + IL-12 treatment [97]. 

IL-12 and Organ-Specific Autoimmune Diseases 

There is increasing evidence that organ-specific autoim- 
mune diseases such as diabetes in nonobese diabetic mice or 
experimental allergic encephalomyelitis (EAE) are medi- 
ated by Thl-type cells and that Th2-type cells might be pro- 
tective [99]. This is flirther supported by the observations 
that administration of IL-12 induced a more prolonged and 
severe form of EAE in an adoptive transfer model with 
primed, autoreactive lymph node cells [100], accelerated 
the onset of diabetes in female nonobese diabetic mice 
[101], and induced a severe, destructive arthritis m 
DBAyi mice immunized with type II collagen in incomplete 
Freund's adjuvant [102]. Furthermore, anti-IL-12 antibodies 
reduced the incidence and severity of EAE in the adoptive 
transfer model [100] and prevented the development of dia- 
betes in a transgenic disease model following transfer of 
specific T cells from diabetic mice [103]. This shows that 
anti-lL-12 treatment is still effective when already differ- 
entiated T(hl) cells are transfened and may reflect the im- 
portance of the ability of Thl cells to induce the production 
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of IL-12 in monocytes/macrophages as well as the potent 
costimulatory activities of IL-12 on Thl cells [22, 23, 31, 42, 
43, 63]. The importance of IL-12 at later stages of an au- 
toimmune response is clearly documented in a mouse mod- 
el of inflammatory colitis. Established colitis was success- 
fully treated with an anti-IL-12 mAb, as monitored by an 
increase in body weight and abrogation of IFN-y synthesis 
by lamina propria CD4+ T cells [104]. 

Ef{fects o{f IIL-112 m tthe OilFtFeireinittDaltooini Jh Cells, 
the IMymoiral Immamnie Etespomise, aimdl Implications 
for ImmedliiatG-Tvpe amid OeDav®^~''VP® 
IKIvpeirseinisatliivDtv l^eacltDOinis 

One of the most striking, and probably clinically rele- 
vant, effects of IL-12 is its ability to promote the develop- 
ment of Thl-type immune responses. This was observed in 
vitro, using mouse [24, 50, 105] or human T cells [49, 106, 
107], as well as in several mouse models of infection [77-81, 
84, 87, 108] or immunization [109, 110]. Therefore, IL-12 
was termed an 'initiation cytokine for cell-mediated immu- 
nity' [111]. The ability of IL-12 to inhibit many Th2-type 
responses in vivo [79, 80, 82, 84, 108] and the strong sup- 
pression of IgE production in vitro [112] as well as of anti- 
body production in vivo [109, 113] supports this view. How- 
ever, the influence of IL-12 on the differentiation of Th cells 
as well as on humoral immune responses is much more 
complex. In BALB/c mice infected with L major, early 
treatment with IL-12 prevents the development of the Th2 
response [79, 82], which would occur in the absence of ex- 
ogenous IL-12, by direct effects independent of IFN-y [83]. 
Generation of T cell lines from bulk cultures of PBMC (plus 
allergen) from atopic humans in the presence of IL-12 
strongly suppressed their ability to produce IL-4. This in- 
hibitory activity of IL-12 was also observed if an anti-IFN-y 
mAb was ac^ded [106]. Likewise, addition of IL-12 to cultur- 
es of mur/ne CD4+ T cells, isolated from the draining 
lymph nodes of immunized mice and reactivated with anti- 
gen+APC in vitro, profoundly reduced the synthesis of 
IL-4. IL-12 appears to act via the APC and, again, independ- 
ently of IFN-y [71]. In contrast, the downregulation of IL-4 
synthesis in mice immunized with S. mansoni eggs and 
treated with IL-12 was no longer observed when IFN-y was 
neutralized [84, 85]. The strong inhibition of IgE synthesis 
and Th2-type cytokine production in IL-12-treated BALB/c 
mice infected with Nippostrongylus brasiliensis also re- 
quired the IL-12-induced upregulation of IFN-y synthesis 
[108]. Thus, IL-12 by direct and indirect (IFN-y-mediated) 
effects can inhibit Th2/lgE responses. However, when the 



IL-12 treatment of L wq/or-infected BALB/c mice wasdj. 
layed for 2 weeks, IL-12 no longer suppressed but rath^ 
enhanced the Th2/IL-4 as well as the ThlAFN-y response 
[79, 83]. Delayed treatment with IL-12 also fails to inhibit 
the Th2/IgE response of mice J immunized with nematods 
parasites [108] or injected with goat antimouse IgD [113], 
Even more surprising, in at least two animal models, CBA/J 
mice immunized with protein antigens adsorbed to alumi- 
num hydroxide [114] and in nonhealer strains of mice in- ' 
fected with C. albicans [81], IL-12 treatment started with the 
first immunization/infection failed to (permanently) sup. 
press the IgE/Th2 response, although it induced T cells pro- 
ducing IFN-y. These in vivo results probably reflect in vitro * 
data by several groups demonstrating that IL-12 failed to ^ 
inhibit [24, 105, 107, 115, 116] or even supported [115, 116], 
the generation of IL-4-producing T cells when both IL-12 
and IL-4 were added during the initial priming of the T cells. 
However, this implies that in both of these murine in vivo 
models at least some of the antigen-/pathogen-specific T 
cells can produce IL-4 upon primary activation. This would 
be similar to the results obtained with human neonatal (na- 
ive) CD4+ T cells in vitro. Addition of IL-12 (without exog- 
enous IL-4) to anti-TCR-activated T cells promoted the de- 
velopment of T cells producing high levels of IL-4 in addi- 
tion to IFN-y [117]. 

Besides its role in the development and activation of Th 
cells, IL-12 also has a profound effect on humoral immune 
responses. Whereas the initial reports described mainly in- 
hibitory effects of IL-12 on the synthesis of IgE by poly- 
clonally activated human B cells in vitro [112] as well as 
polyclonal [113] or antigen-specific [109] IgE, IgGl and 
IgG2b synthesis in vivo, three recent reports decribed a po- 
tent stimulatory influence of IL-12 on the synthesis of anti- 
bodies. In CBA/J mice immunized with protein antigens ad- 
sorbed to alum [110], administration of IL-12 induced 10- to 
1,000-fold increases in antigen-specific IgG2a, IgG2b and 
IgG3 production. IgGl synthesis was not suppressed but 
rather slightly enhanced. Even the synthesis of IgE was 
slightly enhanced when low doses of IL-12 were injected 
[1 14]. Furthermore, the titers of collagen-specific antibodies 
were much higher in the sera of DBA/1 mice immunized 
with type 11 collagen in incomplete Freund's adjuvant and 
simultaneously treated with IL-12, as compared to the se- 
rum titers of mice which did not receive IL-12 [102]. More- 
over, in combination with IL-2, IL-12 strongly enhanced Ig 
synthesis by highly purified, polyclonally activated human 
B cells [70]. The influence of IL-12 on humoral immune 
responses might be due to direct effects on B cells [70] or to 
the generation of potent T helper cells such as the CD30+ 
subset of human T cells [ 1 1 8] . 
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Taken together, the effects of IL-12 on the development 
of Th2 cells as well as on antibody synthesis including IgE 
are complex. Further studies are required before the ques- 
tion of whether IL-12 has some potential in the prevention 
or treatment of immediate-type allergic disorders/atopy can 
be answered. 

In contact sensitivity, a classical Thl-type response in the 
skin, treatment with an anti-IL-12 antiserum prior to epicu- 



taneous allergen painting of mice almost completely pre- 
vented sensitization [119, 120]. When challenged again with 
the allergen, only a weak swelling response was observed. 
On the other hand, when administered in combination with 
nickel, IL-12 served as a potent adjuvant and nickel-specific 
swelling responses could be induced [119]. These results 
suggest that IL-12 is involved in the pathogenesis of contact 
sensitivity. 
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SUMMARY 

Autoantibodies directed against the Sm proteins of the spliceosome complex are found in 
approximately 25% of systemic lupus erythematosus (SLE) patient &era. To determine which 
regions of the Sm D polypeptide are involved in the lupus autoimmune r^ponse, binding to 
overlapping octapeptides of Sm D has been evaluated with sera from nine Sm Expositive patients, 
six patients with other autoimmune serology, and five normal human sera. Lupus patient sera 
which are Sm precipitin-positive bind various combinations of five regions of the peptide. The 
major antigenic region. Epitope 5 (REAVA(GR)ioGGPRR), is bound by eight of nine Sm 
precipitin-positive sera tested. This region of Sm D shows significant sequence homology with 
Epstein-Barr nuclear antigen- 1. To determine the fine specificity of the murine Sm response, four 
unique Sm D MoAbs derived from MRL Ipr/lpr mice and three adult anti-Sm-positive MRL Ipr/ 
//;r mouse sera have been analysed. Two of these nionoclonals, KSm4and Y12,aswellastheMRL " 
Ipr/lpr sera tested, show binding with Epitope 5. Another of these monoclonals, KSm 2, binds 
octapeptides 84-91, DVEPKVKSKKREAVAG, which corresponds to Epitope 4 of this study. 
Antibodies from SLE patients with autoimmune serology other than anti-Sm bind the carboxyl 
glycine-arginine repeat (GR)io peptides of Sm D. However, none of the antibodies tested from 
patients who do not have lupus and who have different autoimmune serology binds any of the 
Sm D octapeptides. Normal controls did not significantly bind any of the Sm D octapeptides. 
These results describe two major regions of shared antigenicity of Sm D between sera from SLE 
patients and MRL Ipr/lpr mice, thereby establishing a basis for the cross-species similarity of 
autoimmunity to the Sm autoantigen in SLE. 

Key words snRNPs Sm D systemic lupus erythematosus 



INTRODUCTION 

Systemic lupus erythematosus (SLE) is a rheumatic disease 
which is characterized by a constellation of physical symptoms 
and serological abnormalities. Autoantibodies directed against 
components of the spliceosome complex are common in this 
disorder, and are present in sufficient concentration and com- 
plexity to form precipitins in Oiichterlony immunodiffusion. 
Anti-Sm precipitin autoantibodies bind ribonucleoprotein 
complexes containing the Ul, U2, U4/U6, or US RNAs and 
have a reaction of partial identity with the anti-nRNP specifi- 
city which is composed of a ribonucleoprotein complex con- 
taining only the Ul RNA. 

Correspondence: John B. Harley, 825 N.E. 13th Street, Arthritis 
and Immunology Program, Oklahoma Medical Research Foundation, 
Oklahoma City, OK 73104, USA. 



Most anti-Sm sera contain antibodies directed against Sm 
B, Sm B' and Sm D proteins. Some anti-Sm sera (approxi- 
mately 10%) have been described as being mountbd only 
against the Sm B/B' peptides. No patient serum has yet been 
described which binds only to Sm D. Recently Sm D has been 
separated into two bands (D and D') in urea containing SDS 
polyacrylamide gels [1] or into three bands, Dl , D2, and D3, in 
high-TEM ED gels [2]. The D 1 protein has been shown to be the 
major target of autoimmune anti-Sm D responses, recognized 
strongly by 92% of Sm D-positive sera tested, and corresponds 
to the published Sm D sequence [3]. Sm D has three interesting 
domains in its carboxyl region: a lysine-rich hydrophilic area 
(amino acids 82-93), a (gly-arg)io repeat (amino acids 97-1 14), 
and a protamine-like sequence (amino adds 1 14-1 19) [3]. 

Regions of antigenicity of the U snRNP polypeptides have 
been previously determined by recombinant expression of pep- 
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Ude fragments of Sm B/W I4.5J, Sm D M, nRNP A [7.8], and 
nRNP 70K (9-161. Large synthetic peptides of various regions of 
Sm D (17|, Sm B/B' [18], and nRNP A [19] have been analysed 
for antigenicity. In a previous study we have constructed the 
overlapping octapeptides of the entire coding region of Sm B/B' 
and mapped its areas of specific reactivity [20]. In that study, all 
Sm, nRNP predpitin-positive SLE sera tested strongly bound a 
repeated motif, PPPG(M,I)(R,K), which has sequence similarity 
with Epstdn-Barr nuclear anti^n-1 (EBNA-1). 

In the present study overlapping octapeptides of the encod- 
ing regions of Sm D [3] were constructed by solid-phase peptide 
synthesis. Antigenicity of each octapeptide was determined 
with a variety of sera from rheumatic disease patients and 
normal controls. 

MATERIALS AND METHODS 

Sera 

Human sera from patients who satisfied the classification 
criteria of the American Rheumatism Association for SLE 
[21] or normal age-matched, sex-matched controls were used 
in this study. Fifteen sera from patients with SLE were tested. 
Nine of these sera contained antibodies which formed strong 
precipitin lines with Sm and bound a 16-kD band in HeLa cell 
extract by hnmunoblot. Three patients formed a strong pre- 
cipitin line with nRNP. Two additional patients formed a 
strong precipitin line with Ro and La, while another formed 
a strong precipitin line with Ro alone. These three patients also 
bound appropriate molecular weight proteins (60 kD for Ro 
and 45 kD for La) by inmiunoblot. Three patients with other 
autoimmune disease were also tested. These patients each had 
precipitating nRNP antibodies. 

Four additional MRL ipr/lpr sera were tested for reactivity 
with the overiapping octapeptides of Sm D. One of these sera, 
collected before any evidence of an autoimmune process was 
evident, was from a veiy young littermate of the other mice. The 
three additional sera were from adult MRL Ipr(ipr mice which 
bind Sm D, Sm B/B', nRNP 70K, and nRNP A by immunoblot. 

Monoclonal antibtH^s 

KSm 1, KSm 2, KSm 4 and KSm 5 were derived from ah MRL 
Iprllpr mouse using hybridoma MoAb technology as described 
previously [22] and were generously provided by D.G. Williams 
(Kennedy Institute, London, UK). Supematants containing 
KSm I, KSm 2, KSm 4 and KSm 5 MoAhs were coflected 
from cloned murine hybridoma cell lines in RPMI 1640 with 
10% fetal bovine serum (FBS), glutamme, penidUin and strep- 
tomycin. These monoclonal autoantibodies were all of the IgG2a 
subclass. Supernatant containing YI2 MoAbs was kindly pro- 
vided by Joan Sldtz (Yale University, New Haven, CT). 

Solid-phase peptide synthesis 

The amino add sequence of the coding region of Sm D was 
used to construct all of the possible overlapping octapeptides 
from Sm D [3] using the method previously described [20, 23- 
25]. These overiapping octapeptides were simultaneously 
synthesized at the rounded ends of radiation derivatized 
polyethjdene pins which were arranged in the format of a 96- 
well microtitre plate (Coselco Mimotopes Pty Ltd. Victoria, 
Australia). Control pins composed of amino adds in a random 
sequence were prepared which were not present in any Sm or 



nRNP antigen sequence. In addition, positive and negative 
control pins were synthesized from a known reactive and non- 
reactive sequences of the La autoantigen. 

Solid-phase cleavable peptide syntlmis 
Four cleavable octapeptides were constructed as previously 
described [26], These peptides were then analysed for amino 
acid content [27] and the correct amino adds in the proper 
ratios were present in all of the peptides tested. 

Solid-phase anti-peptide assay 

Wash steps and incubations were carried out in sealed plastic 
containers. First, pins were blocked with 3% low-fat nulk in 
PBS for I h at room temperature. Pins were then incubated in 
1 : 100 dilutions of patient sera, 1 : 100 dilutions of mouse sera, 
or 1 : 10 dilutions of mouse ascites in 3% milk/PBS with 0 05% 
Tween (PBS-T) overnight at 4°C in humidified sealed contain- 
ers. The pin blocks were then washed four times with PBS-T for 
lOmin, each with vigorous agitation. Next, each pin was 
incubated with anti-human 7 chain-specific IgG raised in a 
goat, affinity purified and conjugated to alkaline phosphatase 
(Jackson Immunoreseareh Labs, West Grove, PA) at a 
1 : 10000 dilution or with anti-mouse 7 chain-spedfic IgG 
raised in a rabbit, affinity purified and conjugated to alkaline 
phosphatase at a 1 : 1000 dilution. Para-nitrophenyl phosphate 
disodium was used as a substrate for alkaline phosphatase, and 
plates were read at 405 nm with a MicroELISA Reader 
(Dynatech, Alexandria, VA). Results for each plate were then 
standardized by comparison with positive control pins. 

After completion of an assay, pins were sonicated for 2 h in 
sonicatTotf buffer (40g SDS, 4ml >mercaptoethandl, and ' 
62-4 g sodium phosphate to 4/) to remove antibodies, conju- 
gate and substrate. After sonication pins were washed twice in 
hot water and boiled in methanol for 2min, Pins were then 
allowed to air dr>' for a minimum of lOmin and stored with 
desiccant or used for another assay. 

Anti-(GR)^ absorption 

The MAP (GR)6 peptide was covalently bound to cyanogen- 
preactivated Sepharose 4B by the method recommended by the 
manufacturer [28,29]. Fifteen milligrams of the (GR)^ peptide 
were added per gram of Sepharose 4B used, suffident to 
prepare a 2-ml column. One milliUtre of each human lupus 
serum tested was drculated through this column for a total of 
four passes at 4°C overnight and constituted the absorbed 
serum. More than 90% of anti-(GR)6 reactivity was removed 
as measured by standard ELISA. 

EUSA 

Standard solid-phase assays were used to measure the antibody 
reactivity in normal and lupus sera before and after absorption 
of the anti-MAP (GR)^ anti-peptide antibodies. One microgram 
of anti^ (Sm, nRNP, or MAP (GR)6) was coaled per well in 
each of 96 polystyrene wdls in 125 /d of coating buffer (NajCO, 
34-98 g, NaHCO, 64-46g to 2200ml distilled water pH 9-6) for 
2h at room tdnperature or at 4°C overnight Wells were thai 
washed once with 250 /il of PBS-T (NaH2P04 0-2m, NaH2P04 
0-2 M, Naa I -5 M, and 0 05% Tween pH 7-4) per well. Wells wctc 
blocked with 150/il of 01% bovine scrum albumin (BSA) in 
PBS per well for 2h at room temperature. After washing the 
plates, sera (human control serum or lupus patient serum with 



and without anti-CGR)^ antibodies) at varying dilutions were 
added to each well and plates were allowed to incubate for 2 h at 
room temperature or overnight at 4°C, After incubation, plates 
were washed four times with 250 //I of PBS-T/well. Next, each 
well was incubated for either 2h at room temperature or 
overnight at 4*C with anti-human 7 chain-spedfic IgG raised 
in a goat, affinity purified and conjugated to alkaline phospha- 
tase (Jackson Immunoresearch Labs) at a 1 : 10000 dilution. 
Para-nitrophenyl phosphate disodium was used as a substrate 
for alkaline phosphatase and plates were read at 405 nm with a 
MicroELISA Reader (Dynatech). 

Western blot 

Affinity-purified Sm and nRNP antigens and HeLa cell extract 
were subjected to electrophoresis in 12-5% polyacrylamide gels 
containing 1 % SDS (in 015 m Tris HQ, pH 8-8) using a protocol 
described previously [30]. Human lupus sera (with and without 
absorption of anti-(GR)6 antibodies) and human controls were 
tested for reactivity with the Sm and nRNP proteins. 

RESULTS 

Nine anti-Sm-positive SLE sera have been analysed for reac- 
tivity with overlapping octapeptides which span Sm D. Each of 
the niiie patient sera bound octapeptides derived from Sm D. 
The binding pattern of a representative patient serum is 
presented in Fig. Ic. 

Anti-Sm D sera from patients with SLE shared reactivity 
with five different regions of Sm D. Each of the other anti-Sm 
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patient sera tested had very similar reactivity to the represenu- 
tive serum presented in Fig. 1. Not surprisingly, therefore, the 
aggregate binding of these nine sera, showed as a cumulative 
average reactivity in Fig. 2a, closely resembles the representa- 
tive serum in Fig. Ic. 

For purposes of this study a conunon epitope is defined as 
having an average reactivity >2s.d. above the normal mean 
and being bound by at least three of the patient sera. There arc 
five regions of Sm D that appear to be antigenic by this 
definition (Table 1). 

Five normal human sera have shown minima l reactivity 
with no specific regions of antigenicity demonstrated with the 
overlapping ocUpeptides of Sm D (Fig. lb and Fig. 2b). These 
octapeptides of Sm D have also been screened for non-specific, 
background binding to anti-human conjugate alone (Fig. la). 
Very little background reactivity has been demonstrated in 
either group of controls. 

The shared antigenic regions bound by each anti-Sm 
precipitin-positive serum tested are presented in rows 1-9 of 
Fig. 3. Epitope 4, octapeptides 82-90, is bound by seven of nine 
sera and exhibits the highest average binding of the Sm D 
peptides, 6s.d. above the normal mean. Eight of nine anti-Sm 
D SLE patients are reactive with the sequence spanning 
octapeptides 92-112, Epitope 5, with an average binding of 
4s.d. above the normal mean. Epitope 2 also has average 
binding 3s.d. above the normal mean, and is reactive with 
seven of nine anti-Sm D sera tested. Epitope 1 and Epitope 3 
are recognized by fewer sera, five and three respectively, and 
have average binding 2 s.d. above the normal mean. 
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Ffc I. Anti^nicity of overlapping octapeptides of the Sm D-assodated protein, (a) Background reactivity of the octapeptides with 
anu-human IgG conjugate alone. (B) Reactivity of the octapeptides with a normal human serum. (C) Binding of a representative anti- 
hm preapitm-positive systemic lupus erythematosus patient serum. 
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Fig. 2. Mean binding to overlapping octapeptides by anti-Sm precipitin-positive patient sera, (a) Contribution ofeach anti-Sm D lupus 
patient to the average reactivity of anti-Sm patient sera, (b) Contribution ofeach normal to the average reactivity of normal sera. Data 
are expressed as the s.d. above the mean of the normal control sera for each octapeptide. The s.d. has been calculated from the binding 
of all controls for all of the Sm D octapeptides, evaluated as a group. The contribution of each patient and normal serum is represented 
by different patterns in the histogram. 



Six lupus patients with autoimmune serology other than 
anti-Sm have also been tested for reactivity with these peptides 
of Sm D (rows 10-15 of Fig. 3). All six of these patient sera 
bind the carboxyl terminal (GR)io of Epitope 5. Five of six of 
these SLE sera have antibodies which react with Epitope 2 and 
five of six sera react with Epitope 4. 

Three additional anti-nRNP sera, from patients with auto- 
immune rtteiunatic diseases other than SLE, have also been 
tested. None of these sera bind to any of the peptides by > 2 s.d. 
above the normal mean. 

To assess for the specificity of the binding of the anti- 
Epitope 5 antibodies to the Sm proteins, anti-(GR)6 antibodies 
were obtained by affinity purification. Three anti-Sm and anti- 



nRNP lupus patient sera (patients 1, 2 and 9 of Fig. 3), as well 
as three anti-nRNP alone patient sera (patients 10, 1 1 and 14), 
were passed over a (GR)^ peptide column. Antibodies eluted 
from this column all bound the (GR)^ peptide, in addition to 
purified Sm antigen, as detected by ELISA. The eluted anti- 
bodies from patient 1 were tested on the 1 12 Sm D octapep- 
tides. They bound Epitope 5 of Sm D without binding 
octapeptides from other regions of Sm D. 

The specific binding activity against both antigens (Sm and 
MAP (GR)6) was increased by more than four- to seven-fold in 
the MAP (GR)6 eluate from every anti-Sm precipitin-positive 
serum tested. Anti-(GR)6 antibodies collected from the anti- 
nRNP precipitin-positive and anti-Sm precipitin-negative 
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Table 1. Amino acid sequences of linear antigenic regions of the Sm D 
antigen 



Sm D epitopes 



Epitope !:RFLMKLSH (S) 

Epitope 2: NTHLKAVKMTLKNR (37-43) and TLKNREPV (46) 

Epitope 3: ILPDSLPL (69) 

Epitope 4: DVEPKVKSKKREAVAG (82-90) 

Epitope 5: REAVA(GR),oGGPRR (92-1 12) 



Antigenic regions are defined as an octapeptide with an average 
binding by the nine anti-Sm predpitin-positive patients of ^ 2s.d. 
above the mean of nonnal sera and found in at least three of the nine 
patients. The positions of the amino terminal amino acid of each 
octapeptide of the antigenic region is given in parentheses. 



patient sera bound Sm at a much lower litre than did those 
patient sera containing both anti-Sm and anti-nRNP precipi* 
tins. Nevertheless, the anti-MAP (GR)^ eluate from the anti- 
nRNP precipitin-positive patient sera tested had a three- to 
four-fold increase in anti-Sm binding compared with the pre- 
absorption anti-nRNP patient sera from which they had been 
obtained. 

Also, a significant proportion of the anti-Sm response was 
absorbed by MAP (GR)5. This absorption reduced the binding 
to Sm by 36% in patient 1, 1 1 % in patient 2, and 46% in patient 
9. The antibodies eluted from MAP (GR)^ from these sera also 
bound Sm D in Western blots of both HeLa cell extract and 
purified Sm or nRNP autoantigen. 

Anti-Sm D murine MoAbs, KSm 1, KSm 2, KSm 4 and 
Y12, have been tested for binding with the overlapping 
octapeptides of Sm D. KSm 2 specifically bound one region 
of Sm D which spans octapeptides 84-91 (Fig. 4a). This region 
corresponds to the Epitope 4 recognized by many SLE patients. 
KSm 4 bound to Epitope 5 and also had additional binding to 
octapeptide 79 (Fig. 4b). YI2, on the other hand, bound both 
Epitope 4 and Epitope 5 (Fig. 4c). Octapeptides 95-1 1 1 , which 
is a nearly complete subset of Epitope 5, were bound by two of 
these MoAbs and by the sera from mature Iprjlpr mice. This is a 
major area of reactivity in both human and mouse sera. Neither 
KSm 1 nor an anti-Sm B/B'-specific MoAb, KSm 5, bound any 
of the overlapping Sm D octapeptides. 

In addition to murine MoAbs, MRL Iprjlpr sera containing 
spontaneously arising autoantibodies have been screened for 
reactivity with different regions of Sm D. Mature MRL Iprjlpr 
mouse sera, which immunoblot Sm and nRNP proteins, display 
considerable reactivity with the human lupus Epitope 5 (Fig. 
5b,c). This murine response is directed specifically against the 
(GR)io repeat spanning amino acids 96-110. Curiously, the 
RGRGRGRG sequences were bound more avidly by the 
murine sera than to their neighbours the GRGRGRGR 
sequences. A pre-autoimmune MRL Iprjlpr serum (immuno- 
blot negative) showed no reactivity with any of the octapeptides 
pfSmD{Fig. 5a). 

DISCUSSION 

Five epitopes of the Sm D autoantigen have been described. 
Neariy all of the anti-Sm sera tested bound Epitopes 2, 4 and 5, 
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fig. 3. Common epitopes of Sm D bound by systemic lupus erythema- 
tosus patients. Anti-Sm predpitin-positive lupus patients are presented 
in rows 1-9. Lupus patients with other autoimmune serology are 
presented in rows 10-15. Murine MoAbs are listed in the next four 
rows. The last three rows present the binding patterns of MRL Iprf^r 
sera including a young littermate with no detectable autoantibodies 
{fprjlpr 1), a mature MRL iprjlpr mouse (//"-//pr 2), and a pool of two 
other adult MRL tprjlpr mice {Iprjlpr 3). The columns represent q)ecific 
antigenic regions of Sm D. Patient reactivity is determined as bindiing by 
patient sera in excess of 2 s.d. above the normal mean (+ ) with each 
2s.d. of reactivity also indicated ( + ). 



thereby defining the major linear antigenic regions of this 
common lupus autoantigen. ' 

All anti-Sm D MoAbs and MRL Iprjlpr autoantibodies 
tested appeared to be entirely directed against Epitope 4 and 
Epitope 5, *vh!ch a?ie also the major targets of the human anti- 
Sm response in SLE. The KSm 2 murine MoAb bound Epitope 
4, the niost reactive portion of Sm D in this study. Two 
additional murine monoclonals, KSm 4 and YI2, were reactive 
with the carboxyl region. Epitope 5, which was bound by 
virtually all (89%) of the human lupus sera tested. In addi- 
tion, Y12 was also reactive with Epitope 4. The MRL Iprjlpr 
sera have antibodies predominantly directed against the car- 
boxyl terminal Epitope 5. Astonishing similarity in the binding 
to Sm D octapeptides is found when the anti-Sm D autoim- 
mune responses of human and murine lupus sera are compared. 

In a previous study of the fine specificity of the Sm B/B' 
response in lupus patients [20], we appreciated that Sm pre- 
dpitin-positive sera contain antibodies which cross-react with a 
sequence, PPPGRRP, in EBNA-1. No normal controls, who 
were all EBV antibody-positive, bound this region; however, all 
of the anti-Sm D immunoblot-positive sera evaluated in this 
study bound this region of EBNA-1 (data not presented). In 
addition, Epitope 5 of Sm D contains a glycine-arginine repeat 
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Fig. 4. Sm D octapeptides bound by three antt-Sm MoAbs including KSm 2 (a), KSm 4 (b) and Y 12 (c). KSm 2 and KSm 4 were 
generous gifts from D. G. Williams. YI2 was graciously provided by Joan Steitz. 



of which shorter versions are found in EBNA-1. (GR)io is also 
bound by lupus patient sera, but not with normal controls. 
These data suggest that lupus patients and normal humans may 
mount different immune responses against EBV. 

This study has defined in detail the linear antigenic regions of 
Sm D. This work has shown that from 1 1 % to 46% of the anti-Sm 
response may be directed against one short region of this Sm 
protein (or against this linear region which is brought together 
with other antigenic regions on the native surface of this spliceo- 
somal protein). In one other system, 40-85% of the entire anti- 
nRNP autoantibodies' response is directed against two linear 
antigenic regions of nRNP A in a subset of patients (J. James & 
J. Harley, unpublished data). The crystallized structure of this 
portion of nRNP A is known, and these two linear epitopes are 
present on the contiguous surface of this autoantigen. 

SLE patient sera with autoantibodies other than anti-Sm by 
immunoprecipitation (i.e. anti-Ro, anti-La and/or anti-nRNP) 
also bind the major epitopes of Sm D. These patient sera 
consistently bind to the (GR)io repeat of Epitope 5. Rheumatic 
disease patients (not including patients with SLE) with these 
same autoantibodies (i.e. anti-nRNP), however, do not bind 
any regions of Sm D. The most interesting hypothesis to be 
drawn from these results is that the common binding of lupus 



patient sera to these specific octapeptides may reflect a conmion 
immunopathogenic mechanism. Additional experiments are 
warranted to address these issues. 

Barakat et al. tested patient reactivity with seven synthetic 
peptides ( 1 8]. Three peptides were found to be reactive with 67%, 
89% and 33% of anti-Sm lupus patients, respectively (top line. 
Fig. 6). The first reactive regions spanned amino adds 1-20 and 
correspond to our Epitope 1 . Amino acids 44-67 are included in 
the second reactive region and contain our Epitope 2. Epitope 5 
of this study is included in the third reactive region described by 
Barakat et al. In addition to establishing the fine specificity of Sm 
D-^erived peptide binding, our work confirms the presence of 
epitopes in the regions of the molecule identified by Barakat et qL 
[18] using a fundamentally different technological approach. 

In a recent article, Rokeach et uL described binding to a set 
of seven TrpE fusions of various regions of Sm D (27]. They 
identified two sets of anti-Sm sera: one group which recognizes 
the carboxyl terminus and another group that only binds the 
near full-length Sm D recombinant polypeptide. The most 
frequently recognized fragment spanned amino acids 87-119 
and was bound to some degree by 13 of 19 anti-Sm sera as 
tested by immunoblot. This region corresponds to our Epitope 
4 and Epitope 5 (Fig. 6). 



B cell epitopes of the Sm D autoaniigen 
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' fig: 5. Atitibbdy binding patterns of MRL Iprjlpr seralo Sm D dclapeptides. (a) Mimmai binding of an immature MRL iprfipr 
littermate of the mice presented in the other two panels, (b) Reactivity of serum from a mature MRL Iprfipr mouse, (c) Antigenicity of 
these peptides with a pool of two MRL Ipr/lpr sera from mature mice. 



Autoantibodies are clearly involved in the pathogenesis of 
SLE. However, the inciting event which triggers the anti-Sm 
response in SLE is still unknown. Defining the molecular 
structures of the autoantigen that interact with autoantibody 
may be very important in coming to understand autoinununity. 
A subset of these structures is likely to be important in 
discovering not only the origin of the observed humoral 



autoimmunity but also the molecular mechanism that induces 
such a profoundly aberrant immune response. Identification of 
these sequences has already led to the realization of an unlikely 
homology of antigenic sequences with regions of EBNA-L 
Hopefully, further analysis of the autoimmime process in 
these patients will lead to a valid hypothesis for the etiology 
and pathogenesis of SLE. 
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Fig. 6. Comparison of epitopes previously described for Sm D with the 
results of this work. The top line demonstrates epitopes mapped by 
Barakat et al. [18]; The next line shows antigenic regions presented by 
Rokeach et aL (27]. The last line presents the linear autoantigenic 
determinants described in this work. Wider bars denote greater average 
reactivity of serum from patients with anti-Sm predpitin-positive 
systemic lupus erythematosus. 
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4lteratioiis in the structure of the EBV nuclear antigen, EBNAl, m 
I epithelial cell tumours 

pee K Snudden', Paul R Smith', Daniel Lai^ Mun-Hong Ng^ and Beverly E Griffin' 

■.Department of Virology, Royal Postgraduate Medical School, Du Cane Road. London W12 ONN, Uk; Departments of 
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The EBV nuclear antigen, EBNAl, is the only viral 
protein consistently expressed in all vims-infected cells. 
It is required in trans for viral replication, maintenance 
of EBV extrachromosomal episomes, and transcriptional 
transactivation in latently-infected B-cells. It binds RNA 
suggestive of a regulatory role in post-transcriptional 
events and in transgenic mice, it is tumorigenic. In 
RiNase protection studies relating to the £BV-associated 
tumour, nasopharyngeal carcinoma (NPC), we show that 
a C-tenninal EBNAl RNA probe from the prototype 
B95-8 marmoset strain can protect its own mRNA from 
enzymatic digestion, but does not fuUy protect EBNAl 
mRNA from NPC cells. This finding is consistent with 
changes in the coding region for the antigen. We thus 
determined the sequences of EBNAl genes derived from 
an NPC xenograft and numerous patient biopsies and 
identified a number of mutations in the gene in these 
human cells, relative to B95-8. Many of the nucleotide 
changes would lead to non-conservative amino acid 
alterations in apparently functionally significant regions 
of the protein. We show that although some of the 
mutations lie in regions designated as critical to DNA 
binding, they have negligible effect on this property of 
EBNAl. The basic regions in EBNAl that may bind to 
RNA, at least in vitro^ are exempt from mutation. Thus, 
unless the alterations are 'silent', which for such a 
critical viral function seems unlikely, they may relate to 
a$ yet unmapped viral activities, such as a role in 
tumorigenesis and the ability of EBNAl to evade the 
cellular immune system, or be associated with the ability 
of the antigen to regulate gene transcription. 



Keywords: nasopharyngeal carcinoma; 
DNA binding; Epstein-Barr virus 



mutations; 



Introduction 

One of the key functions of the oncogenic human 
herpes virus, Epstein-Barr virus (EBV), is the nuclear 
antigen, EBNAl, the open reading frame for which lies 
in the BamH\ K region of the viral genome (Baer et ai,, 
1984). In all cells carrying the virus, whether 
established B-cell lines or tumours, EBNAl is 
"xpressed. In different cell lines sizes vary between 
^bout 69-96 kD depending upon the size of the large 
internal glycine/alanine repeat sequence the protein 
accommodates. The 88 kD EBNAl expressed in 
'^tently infected IB4 cells, generated with virus from 
B95-8 cells, has been identified as a phosphoprotein, 
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containing phosphoserine (but not apparently phospho- 
threonine or tyrosine) residues (Hearing and Levine, 
1985). EBNAl plays a role in B-cells in maintenance of 
the viral episome and, as far as is known, is the only 
viral protein necessary for replication of the latent form 
of EBV (Yates et ai, 1984, 1985; Lupton and Levine, 
1985; Reisman and Sugden, 1986). These functions are 
mediated by strong binding of the antigen to DNA at 
two sites (designated I and II), within or/P, in the 
Bam\il C region of the genome (Reisman and Sugden, 
1986; Chittenden et al, 1989); weaker binding occurs at 
a third site (III) in BamYil Q (Jones et a/., 1989; 
Ambinder et ai, 1990). A 'core' DNA binding motif has 
been identified within EBNAl (Chen et ai, 1994). The 
transcription of EBNAl is complex, three different 
promoters having been identified [in BamHl fragments 
C, W and F in different cellular settings (reviewed, 
Speck and Strominger, 1989; see also Sample et al., 
1991; Schaeffer et al, 1991; Smith and Griffin, 1992)]. 
Whereas the F-promoter (Fp) is functional in some B 
lymphocytes and epithelial cells, there is no evidence 
that either Cp or Wp are active in the latter. EBNAl 
may also act as a transcriptional enhancer (Yates and 
Camiolo, 1988; Sugden and Warren, 1989; Ambinder et 
a/., 1990) or exert a repressor function, regulating its 
own production; the latter is mediated by binding to 
sequence wdthin BamYil Q (Sample et ai., 1992). We 
have shown that EBNAl can bind to RNA, including a 
region encoded within its own transcript, at least in vitro 
using apparently 'RGG' binding motifs, three of which 
exist within the protein (Kiledjian and Dreyfuss, 1992; 
Snudden et al., 1994). The EBNAl gene (from ,B95-8 
cells), introduced into transgenic mice, can lead to 
tumour formation (Wilson and Levine, 1992). One of 
the more perplexing problems associated with this 
antigen is the ability of EBNAl expressing cells to 
escape the cellular inmiune system (Khanna et ai., 1992; 
Murray et ai, 1992; Trivedi et al., 1994). Recently it has 
been reported that antisense oligodeoxynucleotides to 
EBNAl can inhibit proliferation of EBV-immortalized 
B cells (Roth et aL, 1994). Thus, in view of the 
importance of EBNAl to the biology of EBV infected 
cells, it seems reasonable to expect constraints to exist 
on the sequence of this gene, in particular within the 
open reading frame and in the genomic sites to which 
EBNAl binds. 

In recent years we have been examining EBV gene 
expression in epithelial cells noting that expression in 
NPCs, as defined by study of the human NPC tximour 
CI 5 which is passaged in nude mice, often differs from 
that identified in B-cells (Hitt et ai, 1989; Smith and 
Griffin, 1991, 1992). Other experimentors have pointed 
to viral gene alterations that seem specific for NPCs 
(Lung et al., 1990; Hu et al., 1991; Chen et ai, 1992). 
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However, due to the crucial roles played by EBNAl, as 
cited, we were surprised to find that in ribonuclease 
protection assays, a viral probe from one population of 
cells (marmoset B95-8) whilst protecting the EBNAl 
message from the same cells, failed to provide full 
protection for the corresponding mRNA from several 
other EBV-infected cell types. These data were indicative 
of sequence alterations and seemed of particular 
relevance in that extensive sequencing of another region 
- the BamHl I and A regions of the CIS viral genome 
(Hitt et aL, 1989; Smith et al., 1993) - had revealed few 
base changes. These observations have led us to 
investigate alterations which might exist throughout 
the EBNAl coding sequence, to determine whether, on 
the one hand, they were largely confined to 'wobble' 
positions in coding triplets (thus being essentially silent), 
to conservative amino acids or (possibly) non-functional 
domains of the antigen or, on the other hand, whether 
they might prove of functional relevance, for example, 
being either cell- or species-type specific. In particular, 
we have analysed the EBNAl sequence in the CI 5 
genome and in a number of primary nasopharyngeal 
carcinomas, as compared with the EBNAl open reading 
frame in B95-8 cells. We have asked whether the 
alterations identified relate to mapped functions of the 
antigen, and observing that many of them lie within the 
known DNA binding region, have investigated whether 
they have an effect on the ability of the protein to bind to 
its own DNA and thus influence replication, or whether 
they need to be examined in the light of other known, 
unmapped or unidentified functions. 



Results 

RNase protection 

RNase protection analysis of the C terminal region of 
EBNAl (Figure 1) showed that a 394 bp radiolabelled 
RNA, probe from the B95-8 BamUl K fragment, 
within the coding sequence, gave a diff'erent protection 
pattern when hybridised to B95-8 (self) mRNA (Figure 
1, track A) or polyadenylated RNA from CIS (Figure 
1, track B) or NAD-C15 (Figure 1, track C). Whereas 
the full-length fragment was completely protected in 
the case of B95-8, four major bands, with sizes ranging 
from about 90 to 280 bp, were observed with CIS and 
NAD-CIS mRN As. This suggested that base changes 
(mutations) exist in the C terminus of the NPC-derived 
EBNAl gene, relative to B9S-8, and prompted us to 
perform sequence analysis of NPC biopsies to confirm 
this finding. 

PC Rl Sequence analysis of the EBNAl open reading 
frame from C15 and NPC biopsies 

In order to investigate the nucleotide changes in 
EBNAl in the CIS viral strain, relative to B9S-8 
EBNAl, and relate this to NPC biopsies, the open 
reading frames (ORF) from a number of sources (see 
Materials and methods) was sequenced. For this study, 
the relevant DNA was amplified by PCR using a series 
of oligonucleotide primers (see methods), then cloned 
directly into Ml 3 for sequence analysis. The DNA 
encoding the long glycine/alanine repeat region in 
EBNAl was omitted because of the difficulty of 
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Figure 1 RNase protection analysis of the C terminus of EBI^] 
mRNAs. B95-8 (track A), C15 (track B) and NAD-CI5 (traci^r 
mRNAs were hybridized with a '^P-labelled RNA probe from' t^ 
C-terminal region of EBNAl (positions 109410- 109^^(|| 
transcribed in an antisence direction, and then difiested^ ^ro" 
RNase A/Tl. Digestion products were separated on ai^^S 
denaturing gel. The full-length protected fragment (394l$5^3 
noted (arrow). Sizes of molecular weight markers are indicated-^ 



amplifying this repetitive region. Primary sequencing 
identified a number of base changes in the NPC an^ 
CI 5 DNA clones, relative to B95-8, some of whidj 
would be accompanied by non-conservative amino ad^ 
substitutions in the antigen (see Figure 2). All the NE^ 
biopsy samples (except No. 58) had identical sequen6| 
alterations which differed shghtly from those found i]| 
the C 15 (or NAD-C15) tumour. No. 58 had additioi 
nucleotide changes at aa 427 and 585, the latte| 
resulting in a threonine to isoleucine (T to I| 
conversion. As the B95-8 sequence determined in this 
study was identical to that previously published (Bacr 
et al, 1984), changes observed in the tumour materials, 
confirmed by sequencing more than one clone per 
sample, seem unlikely to be due to errors made by Taq 
polymerase during the amplification process. 

Analysis of the effect of EBNAl sequence alterations on \ 
DNA binding 

Numerous studies have been directed at mapping ihc 
functional domains of EBNAl (summarised in Figuit j 
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Fimre 2 The amino acid changes observed by sequence analysis of C15 and NPC biopsy samples, relative to B95-8 EBNAI 

CeS and meSrfor^^^^^^^^^ shown together with the position of the B95-8 repeutive (mcl«d.„g ^^^^^^^ 

sequence (amino acids 91-358). One NPC biopsy (No.61) was not sequenced beyond aa 493_T^e locaUt^n of he Sacll^acn 

Xagment from the C-terminus of the EBNAI ORF, used in RNase protection experiments (Figure 1), .s mdicated 
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Figure 3 Schematic representation of the functional domains of EBNAI ORF. (Adapted from Polvino-Bodnar and Schaffer 1992 ) 

hiirhlv npoaiivplv chareed region (17/41 amino acids) is found at the extreme C-termmus (Ambmder et al., IWl). Inoue et at. ymi) 
dSifvTrteS S-^^^^ (B-HLH) region between amino acids 467 - 587, possibly involved m transcnptional 

?g2Ln. Ti.e SoS EBNAI DNA cloned into GEx' expressed as a fusion protein and used in DNA bmdmg stud.es (F.gure 
6) is indicated (cross hatched) 
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Figure 4 Synthesis and purification of EBNAl fusion protein. 
Lane 1 contains a sample of purified EBNAl recombinant protein 
from CI 5 separated on a 12.5% SDS polyacrylamide gel and 
stained with Coomassie blue. Lane 2 contains an immunoblot of 
the material used in lane I. Positions of size markers (kD) are 
shown on the right 
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TAACCCTAATTCGATAGCATATGCTTCCCGTTGGGTAACATATGCTATTGAATTAGGGTT 

C 
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AGTCTGGATAGTATATACTACTACCCGGGAAGCATATGCTACCCGTTTAGGGTTGGGATCC 
T 

Figure 5 The region of dyad symmetry (region II) in ori P 
(adapted from Rawlins et al., 1985). Region II is composed of 
four consensus EBNAl binding sites. The nucleotide changes (A 
to T and A to C, in sites two and three, respectively) observed in 
jCI5 are indicated (bold type) 



3). Some of the amino acid alterations identified in 
EBNAl from C15 and NPC lie within these regions. In 
order to determine whether the changes have an effect 
on function, and since function is integrally Hnked to 
DNA binding, we investigated the ability of CI 5 and 
B95-8 EBNAl polypeptides to bind DNA. The C- 
termini of the EBNAl ORF from these sources were 
cloned into the GEX plasmid (see Figure 3) and 
expressed in £. coli as a fusion product which contains 
a 27.5 kD glutathione S transferase and a 250 amino 
acid domain of EBNAl, incorporating the 191 amino 
acid EBNAl component described by Rawlins et al. 
(1985). The predicted size of the fusion protein is 
58 kD. After purification to near homogeneity by 
affinity chromatography on immobilised glutathione, 
a 58 kD protein was seen on staining with Coomassie 
blue dye (Figure 4, lane 1). This protein was not seen 



Figure 6 Binding of B95-8 and CI 5 EBNAl fusion proteins :t( 
their respective region II DNAs. DNA from BamiU C regiong 
(Figure 5) was end-labelled with [^^P]phosphate, then 1x1 
c.p.m. incubated with 0, 2.6 and 5.2 /ig of either B95-8- (lanes |j 
3) or C15-EBNA1 glutathione S-transferase fusion protein ( 
4-6), respectively. As controls, 5.2 fig of glutathione S-transfS 
was incubated with B95-8 and CI 5 region II DNAs (lanes 
' 8, respectively). Additionally, no protein (lane 9) or 5.2 ^tg ofl 
8-(lane 10) or C15-EBNA1 fusion protein (lane 11) was incub 
with end-labelled DNA from the Sacl/Sacll fragment from t 
terminus of the EBNAl ORF (see Figure 2). After incubation^ 
30°C for 20 min, complexes were separated by electrophoresis ( 
a 4% native acrylamide gel 



in bacteria transfected with native GEX plasmid (d^ 
not shown). The identity of the fusion protein 
established by immunoblotting using polyclonal ani 
bodies to EBNAl (Figure 4, lane 2). The polycloi' 
antibody also reacted with a second band of 
37 kD, a degradation product of EBNAl, just visi^ 
on staining with Coomassie blue. 

To assess DNA binding, a gel mobility retardatifi 
assay was performed (similar to that described 
Rawlins et al., 1985) with the above fusion pro 
and a ^T-labelled fragment encompassing the D 
binding region II. The latter was cloned from bot 
B95-8 and CI 5 DNA using PCR and identities wcg 
checked by complete DNA sequence analyses, 
quence data showed only two nucleotide differeni 
between CI 5 and B95-8 in this region of the 
genome with the changes occurring within the region ( 
dyad symmetry (region II), as indicated (Figure 5). 
the gel mobility retardation assay, the B95-8 (Figure |; 
lanes 2 and 3) and CI 5 (Figure 6, lanes 5 and 6) fusiofl: 
proteins bound strongly to their respective region I| 
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pNAs, with no gross difference in binding aflSnity 
^^(jserved between the two. The specificity of the 
(aflding was confirmed using as controls either 
glutathione S transferase and region II DNA, or 
EBNAI fusion protein from CI 5 and B95-8 with 
p[sjA from the open reading frame of EBNAl itself 
(position 109410-109805) (Figure 6, lanes 7-11, 
. respectively). In order to counteract non-specific 
r iflteractions, the above reactions were repeated with 
I' 150 mM NaCl (final cone.) in the binding buffer; no 
differences in affinity were observed (data not shown). 
EBNAl also formed complexes with region III DNA. 
\s expected binding was much weaker than for region 
jl (Jones et al., 1989), but similarly no differences in 
binding aflSnity between CI 5 and B95-8 EBNAl were 
observed (data not shown). There were no alterations in 
the region III DNA sequences from these two sources. 



Discussion 

The EBV nuclear antigen, EBNAl, plays a key role in 
[he life cycle of the virus, as earlier studies on its DNA 
binding and episomal maintenance properties illus- 
irated (Yates et aL, 1984, 1985; Lupton and Levine, 
1985). Several laboratories have undertaken detailed 
analyses to define sites within the viral genome to 
which EBNAl binds and the domain(s) of the protein 
responsible for binding. To date, three binding sites 
(strong affinity sites I and II, in oriP, and weak aflSnity 
site III, in BamRl Q) have been identified (Jones et al, 
1989) and the functional activities for replication have 
all been mapped within the unique C-terminus of the 
protein, as sunmiarised (Figure 3). This region also 
contains a potential basic -helix -loop -helix (B-HLH) 
structure associated with a number of DNA binding 
proteins (Inoue et al, 1991), as well as a transactiva- 
[ion function and the EBNAl nuclear localization 
signal (KRPRSPS, between amino acid residues 379- 
387; Ambinder et al, 1991). Mutational analyses have 
id'^ntified a 16 amino acid core DNA recognition 
sequence (Chen et al., 1994). Our data show that 
; EBNAl can also bind to RNA (Snudden et al., 1994). 
j The multiplicity of key roles that can be attributed 

!to this single viral function thus stimulated us to follow 
lip our initial obse^ation with RNase protection 
I assays (Figure 1) which indicated heterogeneity within 
the EBNAl gene from diflferent sources. To investigate 
possible structural alterations that might lead to 
enzyme sensitivity in these assays, the sequences of 
: ihe EBNAl coding region were initially determined in 
i ihe C15 xenograft, derived from a North African NPC 

ifBusson et al, 1988) and in a B-cell line (NAD-C15) 
generated with virus rescued from it (Fahraeus et al., 
1988), then subsequently in numerous primary Asian 
^'PC biopsies. (For practical reasons, this study did 
I not include the highly repetitive domain between amino 
I icids 90-358; transient replication and plasmid 
/ rriaintenance assays have shown that this region can 

!^ removed with little or no effect on functions of 
EBNAl) (Polvino-Bodnar et aL, 1988; Yates and 
Camiolo, 1988). The sequence results we obtained are 
summarised in Figure 2 and Table 1. They show 
fiumerous single base changes, many of which result in 
Jniino acid alterations relative to the same region in 
o95-8 cells. The mutations are not 'cell type' specific in 



that no diiierences are observed in the gene carried^ Mi; 
the CI 5 NPC-related tumour and its B cell derivatiVej ' 
NAD. They may be indicative of strain variatioiii^^l^^ 
however, since only some of the base changes found in 
CI 5 are reflected in the Hong Kong NPCs (See Limg e/ 
al, 1990; Abdel-Hamid et al, 1992). With one 
exception (patient 58) sequences among Asian NPCs 
were essentially identical. ' 

Most of the mutations that produce^! amino acid 
changes have been found to cluster in regions of the 
antigen containing N-terminal amino acids 16-27 and 
C-terminal residues 411-532 and 585-595 (numbering 
of Baer et al, 1984). (Due to the complexity of the 
RNase protection assay patterns. Figure 1, it has 
proved difficult to interpret the bands seen with CI 5 
and NAD-C15, however, with respect to these 
nucleotide changes.) Four of the mutations observed 
might affect the serine phosphorylation levels of 
EBNAl (Hearing and Levine, 1985), three of them 
occurring in the CI 5 (glycine to serine, G to S, amino 
acid position 27; serine to cysteine, S to C, at 492 and 
alanine to serine, A to S, at 525) and one (threonine to 
serine, T to S, at 20) in the Hong Kong NPCs (see 
Figure 2 and Table 1); two of these (at positions 492 
and 525) lie within the DNA binding domain of 
EBNA. A number of other mutations Ue within a 
putative B-HLH DNA binding motif in EBNAl 
(amino acids 467-597; Inoue et al, 1991) or a 
corresponding AP-2 hke heUx-span-motif (HSH) (Sha 
et al, 1992). Computer analyses (not shown) suggest 



Table 1 The nucleotide changes observed in the EBNA I sequence 
of NPC and CI 5 relative to B95-8 





Nucleotide 


Nucleotide 


Amino acid 


Source 


No. 


change 


change 


C15 


107967 


G > A 


No change 


NPC/CI5 


107998 


.G > C 


E > Q 


NPC/C15 


108005 


G > A 


G > E 


NPC 


108010 


A > T 


T > S 


CI5 


108024 


A > Cn 


E > D 


C15 


108031 


G > A 


G > S 


NPC/C15 


108060 


T > G 


No change 


NPC/C15 


' 108120 


C > T 


No change 


NPC/C15 


109083 


A > T 


No change 


C15 


109183 


G > C 


E > Q 


NPC 


109185 


A > T 


E > D 


NPC 


109205 


A > T 


H > L 


NPC (No. 58) 


109233 


T > C 


No change 


C15 


109237 


G > A 


V > M 


NPC 


109267 


G > A 


A > T 


C15 


109379 


C > A 


P > Q 


C15 


109401 


A > C 


E > D 


C15 


109411 


G > A 


A > T 


NPC 


109412 


C > T 


A > V 


CIS 


109426 


A > T 


S > C 


C15 


109449 


C > T 


No change 


NPC 


109449 


C > G 


D > E 


NPC 


1094S7 


C > A 


T > N 


NPC/C15 


109512 


A > C 


No change 


NPC/CI5 


109523 


C > T 


T > I 


CIS 


109525 


G > T 


A > S 


NPC 


109S34 


A > G 


I > V 


NPC 


109549 


C > A 


L > I 


NPC/C15 


109611 


G > A 


No change 


CIS 


109705 


A > C 


T > P 


NPC (No. 58) 


109706 


C > T 


T > I 


NPC/C15 


109733 


G > A 


R > K 


C15 


109736 


T > C 


V > A 


CIS 


109816-109824 


Duplicated 


DDGDDG 



1550 



that the changes observed are, however, allowed for by 
degeneracies in B-HLH sequences (Inoue et ai, 1991). 
An insertion at the extreme C-terminus, where 
dupUcation of a DDG sequence already exists, resulted 
in three copies of this DGG triplet sequence in the CI 5 
genome. The latter region has been identified as having 
homology with an acidic nuclear intermediate early gene 
(lEI) of cytomegalovirus, involved in association with 
metaphase chromosomes (Lafemina et al., 1989). No 
mutations were observed in the region associated with 
RNA binding (Snudden et aL, 1994). 

Since many mutations were clustered in regions 
associated with DNA binding (see Figure 3), we 
performed gel retardation assays as previously 
described by Rawhns et al. (1985), examining the 
ability of the C-termini of B95-8 and C15 EBNAl to 
bind DNA from their respective genomes and to retard 
its mobility on gels. For this study, binding to the 
region of dyad symmetry (region II DNA) was chosen 
since it contains the site for the initiation of viral DNA 
replication in latently infected cells and is essentially 
independent of binding to region I (or presumably III) 
(Jones et al, 1989; Hearing et a/., 1992). We postulated 
that such binding might be very sensitive to sequence 
alterations and we determined the sequence of the dyad 
symmetry region in CI 5 since it could carry mutations 
relevant to binding by CI 5 EBNAl. Two point 
mutations were indeed identified, one in site 3 that 
might possibly destabilize a potential hairpin structure, 
and one in site 2 which would be predicted to have 
little effect (see Figure 5). The C-termini of both B95-8 
and CI 5 (expressed as fusion proteins with glutathione 
S-transferase using the GEX expression system, and 
purified to near homogeneity) were used in mobility 
retardation assays. Our data showed that no significant 
differences were observed in affinity binding. That is, 
within any particular cell type, the mutations (Figures 
2 and 5) were not reflected in the DNA binding studies, 
each EBNAl binding to its corresponding DNA site, 
with .no gross affinity differences being observed 
(Figure 6). Likewise, in binding studies with Region 
III (data not shown), we saw no differences in binding 
between B95-8 and C15 EBNAl's (although as this is a 
weakly binding region, small variations might not have 
been detected). Our data are thus consistent with a 
recently described core DNA recognition sequence 
(Oien et al, 1994) in that none of the naturally- 
ot^urring mutations we observe lie within this core 
structure (amino acids 459 - 475). The effect of 
mutations in the N- terminus of EBNAl (amino acids 
16-27) were not investigated in this assay since Yates 
and Camiolo (1988) showed that a deletion over this 
region (mutant DL98) had only marginal effects on the 
activity of EBNAl in either plasmid maintenance or 
DNA replication, or on its ability to act as a 
transcriptional enhancer. One value of our experi- 
ments is that they support the assumption that studies 
on DNA rephcation and plasmid maintenance in a 
model system (B95-8) may with more confidence be 
extrapolated to human cells. 

A simplistic explanation for the mutations observed 
in the EBNAl open reading frame from human, as 
opposed to marmoset (B95-8), cells is that they have no 
effect upon function. However, this seems unlikely for 
a protein as complex and important to the biology of 
EBV as EBNAl. To date, in seeking for the functional 



significance for observed^ sequenceri#aiig^jj 
in the tumours, we have analysedripNsi^^^M 
as it relates to viral repUcationw An^i^g 
needs exploration is that ,^^]j^jg||||^ 
control. Whereas in B95-8 cells^ viraK gen§ll^ 
is relatively promiscuous, some ceUsi 
full lytic cycle, in EBV-associated tumourS^j^ 
transcription has been shown to be tightly'^ 
with all the known/ EBV nuclear functior 
EBNAl, being silent (Hitt et al, 1989; Gillig^ 
1990; Chen et al, 1992; Zhang et al, 1993). 1? 
line with data on protein expression in ; 
lymphoma and NPCs (Rowe et al, 1986; Fa 
al, 1988). (Even in the lymphpblastoid liiie|| 
there is evidence for controlled transcription£d|^ 
sion and no virus appears to be generajt^ 
induction; Hitt et al, 1989 and our un|tf^ 
data.) In addition to regulatmg its own exgre 
(Sample et al, 1992), EBNAl may act to**?^ 
regulate nuclear or other functions, either 
transcriptional or post-transcriptional level. Seyei^ 
the consistently observed naturally-occurriti^ 
mutations (at amino acid numbers 487, 524^ 583[ 
594; Figure 2) lie within a broadly mapped^^ 
associated with a transactivator function (Fi| 
Thus, transactivation remains an EBNAl fune|[^ 
might be affected by the observed changes. 
other hand, two consistently observed alterations^^ 
N-terminus of the antigen, at amino acids 16 a^B 
he in regions where no activities have been assign© 
Thus, we cannot exclude the possibihty that seye 
other key functions associated with the antigen || 
example, relating to oncogenesis or cellular ii 
escape), or even activities yet to be identified^ 
reflected in the observed mutations. Experiment 
distinguish among the various possibilities raised^mu 
form the basis of future work. 



Materials and methods 

Cells " , 

The CI 5 tumour is a human nasopharyngeal carcinoma^ 
North African origin (Busson et al, 1988), maintained^ 
propagation in nude mice. B95-8 is an EBV-infecto 
marmoset cell line, permissive for viral replication. N^£^ 
C15-ST0-B (referred to subsequently as NAD-C15) is 
lymphoblastoid cell line derived from co-cultivation' 
normal adult cells with the CI 5 tumour (Fahraeus et 
1988). All cells were cultured in RPMI 1640 medial 
supplemented with 10% fetal calf serum and 2 ril^ 
glutamine. NPC biopsy materials from different patienti 
presenting with tumour, at various times, were kindffl 
provided by Drs D Choy and J Sham, Queen MaM 
Hospital, Hong Kong; DNA was isolated from biopsies i| 
Hong Kong and sequence analyses performed in LondonJ 

DNA and RNA extractions 

DNA and RNA was isolated as previously described Iv 
Hitt et al (1989a). 

Ribonuclease protection assay 

The method used was essentially that described b; 
Sambrook et al (1989). Briefly, a single-stranded 
radiolabelled RNA probe containing sequences betwee 
the Sacl/Sacll sites in the C terminal region of EBNA 
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^tions 109410- 109804 in the B95-8 EBV sequence (Baer 
^ 1984)] was hybridised overnight at 45°C to 1 pig of 
' 7a from B95-8, C15 and NAD-C15. The hybrid was 
digested at 37°C with 300 //I of RNase digestion 
itiure containing 300 mM NaCl, 10 mM Tris.HCl 
fjl7.4), 5mM EDTA, 2 fxg of RNase Tl per ml and 
ppg of RNase A per ml The samples were then treated 
Ifiih proteinase K, extracted with phenol-chloroform and 
l^pitated with ethanoL The pellet was resuspended in 
'^ple buffer, separated on a 7.5% polyacrylamide 
Ij-tjuencing gel, dried and subjected to autoradiography. 
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^ polymerase chain reaction 

[he Polymerase Chain Reaction (PGR) was carried out 
jjing 200 ng of template DNA and Tag polymerase 
,perkin Elmer Cetus), as recommended by the manufac- 
j5fer. The reaction mixtures were incubated at 94°C, 
1 Clin; 50°C, 1 min; 72°C, 2 min. After 30 cycles, the 
,^3lymerization step at 72°C was extended to several 
ginutes to complete all strands. The reaction was analysed 
5V running a small aliquot on a 0.8% mini-gel. The 
iinplified DNA was then eluted from the gel, digested with 
J lie appropriate enzymes and ligated into a suitable vector. 

\intplification of DNA encoding EBNAl 

DVA from C15, NAD-C15, B95-8 and NPC biopsies was 
:ied for amplification by PCR of the EBNAl open reading 
frame (ORF). A total of 7 NPC biopsies were studied 
J numbered 58 to 64). The location of the oligonucleotide 
^-airs used in the PCR with respect to the EBNA-l-ORF is 
yitown in Figure 2. The primers include up to 11 bp 
Miensions containing a restriction site {Bam\l\ or EcoKl, 
GGATCC and GAATTC, respectively) to facilitate cloning 
:f ihe PCR product. Their sequence and position in the 
395-8 EBV genome (Baer et al,, 1984) is given below: 

; GT\GGA TCCCC ATGTCTGACGAG (oligonucleotide 
1; position 107950) 
.>-GTCG.4^rrCCACCGTGGGTC (oligo 2; position 
08213) 

} -ACGGA rCCCGTGAAAGAGCCAGGGGGGGA (oli- 
io3; position 109021) 

; CGCG^^rrCGGTAGTCCTTTCTACGT (oligo 4; po- 
>:iion 109445) 

' maGG^TCCAGAACATTGCAGAAGGT (oligo 5; po- 
*aion 109385)^ 

: CGGG^^r7CACGGCTTTTAATAC (oligo 6; position 

:09925) 

in the case of oligonucleotide 6, a single base change (A to 
fat position 109919) generated an EcoRl site. 

The amplified DNA was eluted from a 0.8% agarose gel, 
digested with the appropriate enzymes and cloned into M13 
'fciors for sequencing according to standard protocols. The 
.nique N- and C-terminal sequences from CI 5 and seven 
rnmary Hong Kong NPC biopsies were determined from 
^R-derived clones, and compared with the sequence 
oiained from B95-8 marmoset cells using the same 
h'oiocoI. The sequences of several clones per sample were 

( -'•"termined, to allow for potential PCR artefacts. Sequence 
-lalyses were performed over the course of a year, as 
I materials became available. 



tides used were: 5' - TCATCCGGATCCCCAGGGCG- : 
CAGG (position 109117) and 5' - CGGGAATTCAG^^ ' 
GGCTTTTAATAC (position 109925). For cloning '^puirj^ -f ft ^'^^ 
poses the first oligonucleotide primer includes a G > A andi 
T>C base change at positions 109125 and 109128 which 
generates a BamHl restriction site and the second 
oligonucleotide includes an A > T base change at position 
109910 which gives an EcoRl sitp. After verification by 
sequencing, the fragment was inserted in-frame behind the 
C terminus of Sj 26, a 27.5 kD glutathione S- transferase in 
the GEX expression plasmid. Screening of transformants 
and large-scale purification of the EBNAl fusion protein 
was carried out as described by Smith and Johnson (1988). 
The protein was resolved by SDS-PAGE (12% poly- 
acrylamide gel) as described by Laemmli et al. (1970) and 
then electrotransferred onto a nitrocellulose membrane 
filter in blot buffer (25 mM Tris, 192 mM glycine (pH 8.3), 
20% v/v methanol) in a cooled tank overnight (8 V/cm). 
The filter was washed in PBS containing 0.05% Tween 
(PT) then incubated for 30 min with PBS containing 0.05% 
Tween 20 and 5% fat-free milk powder (PTM) with gentle 
rocking. Protein blots were incubated with a 1:50 dilution 
(in PTM) or rabbit polyclonal antibody against EBNAl 
(Hearing et al,, 1985) for 90 min at room temperature, 
washed in PT three times for 20 min and then reacted with 
1 in 500 dilution of rabbit anti-mouse immunoglobulin 
(Ig)-peroxidase conjugate (DAKO PATTS). After being 
washed in PT as described above the filter was developed 
with 3,3'-diaminobenzidine tetrahydrochloride (200 fi\ 
DAB (20mgmr*), 9.7 ml PBS, 100 /il 1% C0CI2, 
l%Ni(NH4)2 (S04)2, 10 Ail H2O2 (30% w/v)). 

^^P incorporation into DNA binding substrate 

PCR was used to clone two known EBNAl DNA binding 
regions, the region of dyad symmetry (region U) localised 
to BamHl C and the lower aflBnity binding site region HI 
within BamHl Q (Rawlins et al., 1985). Amplification of 
regions II and III from B95-8 and CI 5 DNA was 
performed using the following oligonucleotide primers: 

Region II oligonucleotides 

5''CCA1GAATTCGTGTGKGK1G (position 8572) 
5'-ATAAGG^ JCCCTTGTTAAC (position 9150) 

Region III oligonucleotides 

5'-CTATAACGCAGGTCCTGTTC (position 62202) 
5'-CAATG^/4rrCCGGCTCGGAG (position 62616) 

Nucleotides typed in bold have replaced B95-8 sequence to 
generate restriction sites {EcoKl, GAATTC, or BamHl, 
GGATCC) for use in cloning. In the case of the first region 
III oligonucleotide, creation of a restriction site was not 
necessary as the BamHl site in the EBV sequence 50 bases 
downstream of the primer was used for cloning purposes. 
After binding regions were verified by sequence analysis, 
they were subcloned into the Bluescribe vector (Strata- 
gene). Plasmid DNA was then cleaved with BamHl and 
EcoKl restriction enzymes and *end-filled' with p^PjdCTP 
using the Klenow fragment of DNA polymerase. The 
labelled fragments representing the DNA binding regions 
were purified by elution from a 0.8% agarose gel followed 
by phenol-chloroform extraction and ethanol precipitation. 
End-labelled DNA was then used in a mobility retardation 
assay. 



described b> 1 

branded ' ' P- ' and purification of EBNAl fusion protein 

nces between |?CR was used to amplify the C terminal EBNAl coding 

n of EBNAl ^ region from both B958 and C15 DNAs. The ohgonucleo- 



Mobility retardation assay for DNA binding 

Protein-DNA complexes were formed by mixing 0-5.2 /zg 
fusion protein with 1 x 10^ c.p.m. of ^^P-labelled probe in 
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20 /il binding buflFer (25 mM Tris.HCl (pH 8.0), 50 mM 
NaCl, 1 mM MgCl2, 5 mM spennidine, 0.5 mM dithiothrei- 
tol, 5% v/v glycerol. After incubation at SO^'C for 20 min 
the samples were loaded on a 4% non-denaturing 
polyacrylamide gel (acrylamide:bisacrylamide ratio of 
19 : 1) in 50 mM Tris-glycine, pH 8.8. Electrophoresis was 
performed at 180V for -'2 h at room temperature then gels 
were dried and exposed to X-ray film at -SO'^C using 
intensifying screens. 
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Vascular endothelial cells are suspected of being the target of autoimmune processes seen in 
many connective tissue diseases and in systemic vasculitis as evidenced by the detection of cir- 
culating autoantibodies against endothelial cell antigens. In order to select B cells recognizing 
endothelial cells antigens, Epstein-Barr virus (EBV)-infected B cells, obtained from one patient 
presenting a systemic vasculitis, were cocuhured with human endothelial cells concurrently with 
a human endothelial cell line (EC-pSVl cells). This coculture consisted of a first step of expansion 
of B cells specifically selerted by adherence onto human umbilical vein endothelial cells (HUVEQ. 
The adherence of selected B cells was specific to endothelial cells because no rosette formation 
around control cells (HeLa cells or COS cells) was observed. Adherent B cells were cloned by 
limiting dilution by coculture onto EC-pSVl cells and screened for anti-HUVEC antibody pro- 
duction by endothelial cell ELISA. An increase in ^anti-HUVEC antibody production of IgM 
isotype was detected by endothelial cell ELISA, peaking at Day 9 and remaining constantly 
elevated, relative to B cell expansion. Among 21 B cell lines producing IgM, 6 presented high 
levels of anti-HUVEC antibodies, whereas 1 of 52 B cells cloned.without EC-pSVl cells showed 
such antibody production. Anti-HUVEC antibody production and B cell proliferation were de- 
pendent on the presence of endothelial cells. Two of these 6 B cell lines produced antibodies 
directed against an endothelial cell antigen with an apparent molecular weight of 192 kDa as 
determined by immunoblotting analysis. Our results demonstrate that adherence of EBV-infected 
B cells to endothelial cells and further cloning by adherence can efficiently select anti-HUVEC 
antibody-producing human B cells and might help to define antigens potentially involved in 

autoimmune diseases. © 1993 Academic Press. Inc. 



INTRODUCTION 

Vascular damage is a common feature in many connective tissue diseases and in 
systemic vasculitis. The presence of circulating autoantibodies directed against en- 
dothelial cell components has led to attractive hypotheses involving these antibodies 
in the pathogenesis of many diseases such as systemic lupus erythematosus (1-3), 
rheumatoid arthritis (3, 4), progressive systemic sclerosis (3, 5), autoimmune hypo- 
parathyroidism (6), episodic angioedema and eosinophilia syndrome (7), systemic 

' This work was supported in part by CJF (INSERM) No. 90-06, the Societe d'enseignement et de recherche 
en pneumologie et allergoiogie (Hopital Calmette), and the Association Recherche et Partage. 
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vasculitis (8), allergic and granulomatosus angiitis (9), and Kawasaki disease (10; 
However, a close relationship between the presence of such antibodies and the devel^j 
opment of the underlying disease remains unclear, which justifies a more precise eval- . 
nation of recognized endotheUal cell epitopes. 

Attempts to characterize the endotheUal cell target antigens have met with some 
difficulties for two reasons: (i) the Umited quantity of cultured human endothelial cells 
available for biochemical purification and (ii) the large diversity of serum antibodies; 
Due to these technical problems, the characterization of endothelial cell antigens re- 
mains a difficult issue. 

The ability of human B cells to prohferate and to produce antibodies following 
infection with Epstein-Barr virus (EBV) has been widely used to study human anti- 
bodies putatively involved in autoimmune diseases. In this way, human monoclonal 
antibodies have been raised against DNA (12, 13), immunoglobulin (14), tetanus 
toxoid (15,16), thyroglobulin ( 1 6), blood group antigens ( 1 7), or acetylcholine esterase 
(18). However, the relative paucity of circulating B cells with a given specificity strongly 
reduces the probability of obtaining B cell lines secreting antibodies of interest. 

One alternative approach to selecting specific B cells is to take advantage of the fact 
that B lymphocytes express immunoglobulins on their surface. Thus, specific B cells 
have been successfully separated from irrelevant B cells using the antigen as a 
probe (16). 

In this report, we used the method of selection by cellular adherence to identify 
antigenic determinants from endothelial cells with human B cell lines. EBV-infected 
B cells were selected by adherence to human endotheUal cells and then cocultured. 
Coculture of adherent B cells in limiting dilution led to the generation of a number 
of antibodies against endothelial cells. Two of them were able to recognize an endo- 
thelial ceU antigen of 192 kDa. 

MATERIAL AND METHODS 

Immortalization of B Lymphocytes by EBV Infection 

B cells were provided by a patient suffering from aUergic granulomatosus and angiitis, 
also called Churg and Strauss syndrome ( 1 9). This syndrome is characterized by severe 
asthma, diffuse symptoms of systemic vasculitis, and blood and tissue eosinophiUa. 
The clinical diagnosis was confirmed in this patient by neuromuscular biopsy, which 
demonstrated necrotic, perivascular, and extravascular granulomas rich in eosinophils. 

Mononuclear leukocytes were prepared from 60 ml heparinized peripheral blood 
by density centrifugation on Ficoll-Hypaque (Pharmacia Biochemicals, Inc., Upsala, 
Sweden) (20). Following monocyte depletion by 2 hr of adherence to plastic dishes 
(Becton-Dickinson, Grenoble, France), T lymphocytes were depleted by density sed- 
imentation of rosette formation with sheep red blood ceUs treated with 2-aminoethyU- 
sothiouronium bromide. The B lymphocytes were cultured in 24-well cell culture 
plates to a concentration of 1 X 10^ cells/well in 1 ml of RPMI medium containing 
10% heat-inactivated fetal calf serum (FCS) (Gibco BRL, Cergy Pontoise, France), 2 
ToM L-glutamine, 100 U/ml penicillin, and 10 /ig/ml streptomycin. To each well, 100 
/il of supernatant from a dense culture of an EBV-infected marmoset ceU Une (B 95- 
8) (ATCC, Rockville, MD) was added (21, 22). B lymphocytes were cultured 2 weeks 
until colony formation was observed and were expanded one more week before se- 
lection by coculture. 



IN VITRO PRODUCTION OF ANTI-ENDOTHELIAL CELL ANTIBODIES 



17 



awasaki disease (10, 11). 
ntibodies and the devel- 
ifies a more precise eval- 

;ns have met with some 
human endothelial cells 
iity of serum antibodies, 
otheliai cell antigens re- 

ice antibodies following 
id to study human anti- 
/ay, human monoclonal 
loglobulin (14), tetanus 
or acetylcholine esterase 
given specificity strongly 
ibodies of interest, 
ake advantage of the fact 
ce. Thus, specific B cells 
using the antigen as a 

ar adherence to identify 
cell lines. EBV-infected 
:lls and then cocuhured. 
generation of a number 
•le to recognize an endo- 



lulomatosus and angiitis, 
is characterized by severe 

and tissue eosinophilia. 
)muscular biopsy, which 
omas rich in eosinophils, 
rinized peripheral blood 
Dchemicals, Inc., Upsala, 
herence to plastic dishes 

depleted by density sed- 
ated with 2-aminoethyli- 
j in 24-well cell cuhure 
i*MI medium containing 
jrgy Pontoise, France), 2 
mycin. To each well, 100 
narmoset cell line (B 95- 
es were cultured 2 weeks 
ne more week before se- 



Cell Cultures f 

Human endothelial cells were derived from umbilical vein (HUVEC), according to 
the method previously described (23, 24). Briefly, HUVEC were coUected after treat- 
ment of umbilical vein by 0.2% coUagenase in Hanks' balanced salt solution for 15 
min (M. A. Bioproducts, Walkerville, MD) and pelleted by centrifiigation (800^, 10 
min). HUVEC were resuspended at 1.2 X 10^ cells/ml in RPMI 1640 supplemented 
with 2 mM L-glutamin, 100 U/ml penicillin, 10 fig/m\ streptomycin, 20% PCS (v/v), 
100 /ig/ml heparin, and 25 ng/ml endothelial cell growth supplement (Sigma Chemical 
Co., St. Louis, MO). HUVEC were cultured in 35-mm-diameter tissue culture wells 
at 37 °C in 5% CO2. The culture reached confluency within 3 to 5 days. Only endothelial 
cell cultures obtained after the second to the fourth passage were used. 

Simian virus 40-transfected endothelial cell line (EC-pSVl cells) (25) was cultured, 
as well as HeLa cells, in RPMI 1640 supplemented with 2 mM L-glutamine and 10% 
(v/v) PCS. COS cells and MRC5 cells were cultured in Dulbecco's medium supple- 
mented with 2 mM L-glutamine and 10% (v/v) PCS. 

Coculture and Cloning Procedure 

In order to select B cells able to recognize endothelial cell antigens, EBV-infected 
B cells were cocultured with EC-pSVl cells, which were used because they are easy to 
obtain in large amounts in comparison with classical HUVEC culture. In the first 
step, EBV-infected B cells (2 X 10^ cells) were added to three lOO-mm-diameter petri 
dishes containing confluent EC-pSVl cells (in EC-pSVl cell culture medium) and 
then incubated at 37°C in 5% CO2 for 14 days. Medium containing the nonadherent 
B cells was removed by three washings every 2 to 3 days. Pollowing centrifugation, 
supematants were aliquoted and stored at — 20°C until tested for the presence of 
immunoglobulins. 

In a second step, adherent B cells recovered after vigorous washings were seeded 
twice a week, in order to expand the EBV-infected B ceUs. The resuspension was 
controlled by optical microscopy examination of the petri dishes, which confirmed 
the dramatic decrease in the number of B cell-EC-pSVl cell rosettes. An aliquot of 
the adherent B cells was used for limiting dilution assay at 0.5 cell/weU in four 96- 
well flat-bottom microculture plates containing confluent EC-pSVl cells. The medium 
was changed twice a week. Detection of anti-HUVEC antibodies in culture supematants 
was performed each week during three consecutive weeks of coculture. B cells in wells 
containing anti-HUVEC antibodies, or derived from wells not containing such anti- 
bodies but presenting a strong proliferative response, were expanded in 16- and then 
36-mm-diameter culture plates. B cells cultured and fiirther cloned by limiting dilution 
without coculture with EC-pSVl cells as described above were used as controls. 

Quantification of Immunoglobulin Production by ELISA 

Microtiter plates were coated with anti-human heavy-chain goat antibodies specific 
for human IgG, IgA, and IgM (Diagnostics Pasteur, Mames la Coquette, Prance). One 
hundred microliters of coculture supematants was incubated for 1 hr at room tem- 
perature in duplicate. After extensive washes in PBS containing 0.05% (v/v) Tween 
20, wells were then incubated for 1 hr with affinity-purified and peroxidase-conjugated 
anti-human heavy-chain goat antibodies (Tago, Burlingame, CA). Pollowing extensive 
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washings, the wells were allowed to react with 2 mg/ml of the substrate o-phenyleUg- 
diamine in 10 mAf citrate buffer, pH 4.2, containing 0.075% (v/v) H2O2. The reaction' 
was stopped by adding 100 ^1 4 iV HQ per well. The standards were made of variousi^ 
dilutions of purified human IgA, IgG, and IgM (Sigma Chemical Co.). The opticai^ 
density was read at 492 nm and the results were expressed in nanograms per inilliliteS | 

Adherence Assay V^Vi ^ 

A total of 0. 1X10^ cells (HUVEC, EC-pSVl cells, COS ceUs, and HeLa cells) were ; 
seeded on gelatin-coated 8-well tissue culture chamber slides in dupUcate for 24 hr 
(Nunc Inc., Naperville, IL). The slides were washed by dipping them in a glass fl^isk ;' 
containing 100 ml RPMI 1640 prewarmed to 37°C. Then, 10^ EBV-transfbrnae^^Bfcj^ 
cells were added immediately to each well. Following 5 min of incubation at 37 °e,': 
the slides were washed again three times in order to remove the nonadherent B cells / 
and immediately fixed in PBS/glutaraldehyde [0.5% (v/v)] for 30 min at 4°C. After^ 
extensive washes, the slides were examined under microscope to quantify the number 
of rosettes. A rosette was taken in account when more than five B cells were fixed 
around target cells (endothelial cells or control cell lines COS and HeLa). In order to 
identify the mechanism of the adherence pathway, the same adherence experiments 
were repeated with a previous 2-hr incubation of endotheUal cells with 2 /ig/weU 
monoclonal anti-ICAM- 1 or anti-ELAM-1 antibodies (British Biotechnology Ltd, Ox- 
ford, UK). 

Detection of Anti-HUVEC Antibodies by ELISA 

Confluent cultures of HUVEC on gelatin-coated 96-well flat-bottom microculture 
plates were washed twice with PBS and then fixed with 0.05% glutaraldehyde in PBS 
for 10 min at 4°C (26). Following four washings in PBS containing 1% BSA and 5 
mM EOT A, the plates were incubated at room temperature for 1 hr in the same buflfer. 
After washings, 100 /tl of coculture supematants was incubated for 1 hr at room 
temperature and then washed four times before incubation with affinity-purified and 
peroxidase-conjugated anti-human IgA, IgM, or IgG goat antibodies. Following ex- 
tensive washings, the wells were allowed to react with 2 mg/ml of the substrate o- 
phenylenediamine in 10 mM citrate buffer, pH 4.2, containing 0.075% H2O2. The 
reaction was stopped by adding 100 ^1 4 HCl per well. The optical density values 
were read at 492 nm and the results were expressed as follows: OD (sample) - mean 
value of all OD (0.135 ± 0.107; mean of 288 values subtracted from OD values up 
to 1.0). Purified human IgG, IgA, and IgM were used as standards. In our system, 
purified immunoglobulins at concentration levels fivefold greater than those found in 
coculture supematants did not efficiently bind to HUVEC. 

Control was established by anti-MRC5 cell ELISA; this ELISA was used under the 
same conditions as those described for endotheUal cells. 

Analysis of Antigens Recognized by Anti-HUVEC Antibodies 

Antigenic extracts from EC-pSVl cells, HUVEC, monocytes, lymphocytes, neutro- 
phils, HeLa cells, COS cells, and MRC5 cells were prepared. After cell collection, the 
ceUs were centrifuged and resuspended at a concentration of 2 X 10* cells/ml in ice- 
cold lysis buffer (0. 1 M Tris-HCl, pH 7.4, 1 50 mM NaCl, 10 mM MgClz) containing 
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0.5% (v/v) Nonidet-P40. The extracts devoided of nucleus fraction were fractionated 
on a 13% polyacrylamide slab gel containing 0.1% SDS under reducing conditions as 
described by Laemmli (27). After transfer of separated proteins onto nitrocellulose 
(0.45 Aim BA85, Schleicher & Schuell, Dassel, Germany) (28), sheets were saturated 
in quenching buffer (5% nonfat dry milk in PBS, pH 7.4) for 30 min at room tem- 
perature and after several washings incubated with coculture supematants diluted at 
1 :2 or with the patient serum diluted at 1 : 1 00 in PBS for 1 8 hr at 4°C under constant 
agitation. After washings, bound human immunoglobulins were detected with per- 
oxidase-conjugated anti-human immunoglobulin goat antibodies. After a final washing 
step, nitrocellulose membrane was stained with 0.06% (v/v) 4-chIoro-l-naphthol/ 
0.075% (v/v) H2O2 in PBS, pH 7.4 (Bio-Rad Laboratories, Richmond, CA). The anti- 
192-kDa antibodies were tested for their putative blood group antigen recognition. 
The search for anti-A and anti-B blood group antibodies and abnormal blood group 
antigens was realized by Coomb's method and the papain method using standardized 
panels of red blood cells obtained from the Centre Regional de Transfiision Sanguine 
(CRTS de Lille, Lille, France). 

RESULTS 

Proliferation of Adherent B Cells Was Associated with the Production of Anti-HUVEC 
Antibody 

During the first 2 weeks of selection, the evolution of the IgM anti-HUVEC antibody 
response of B cells adherent to EC-pSVl cells was analyzed (Fig. 1). At the beginning 
of the coculture, we observed a critical decline in anti-HUVEC antibody activity at 
Day 4. The optical microscopic examination at that time revealed that up to 90% of 
B cells were removed by washings. Only few rosettes of B cells around EC-pSVl cells 
could be seen. At Day 6, anti-HUVEC antibodies increased and reached a plateau at 
Day 9. In contrast, anti-HUVEC antibodies found in supematants of EBV-transformed 
B cells cultured alone were lower than those found in coculture supematants, without 
any change during the time of culture. In this case, no band could be evidenced by 
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Fig. i. Time course of the appearance of human IgM anii-endolhelial cell antibodies in the supematants 
of EBV-infected B cells cocultured with EC-pSV! (■). Controls supematants were made of supematants 
from EBV-infected B cells cultured alone (□). The results are given in optical density values (OD) as means 
± SD of three experiments. 
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immunoblotting analysis against HUVEC extracts. Immundblot analysis of the co^ 
culture cell supematants collected at Day 9 against endothelial cell extracts revealed*^ 
the presence of 23 bands ranging from 17 to 200 kDa (data not shown). This increase 
of anti-HUVEC antibody level at Day 9 corresponded to a strong rise in B cell rosette 
formation around EC-pSVl cells. This observation was confirmed by an adherence ^ 
assay of EBV-transformed B cells collected at Day 9 to EC-pSVl cells, HUVEC, COS 
cells, or HeLa cells. The results demonstrated that 9 1 ± 5% EC-pSV 1 cells and HUVEC 
formed rosettes, while only 4 ± 2% HeLa cells and COS cells did (Fig. 2). Moreover, 
addition of anti-ICAM-1 antibody dramatically decreased the adhesion of B cells onto 
EC-pSVl or HUVEC (5 ± 2%), whereas no variation was observed on addition of 
anti-ELAM-1 antibody (data not shown). 

Production of Immunoglobulins and Anti-HUVEC Antibodies by Adherent B Cells 

Among a total of 288 wells tested, only 28 produced detectable anti-HUVEC an- 
tibodies. During clonal expansion, 7 clones ceased to proliferate (Fig. 3A). Among 
these 21 remaining lines, the majority produced immunoglobulins of IgM isotype, 
except for 4 B cells that produced antibodies of IgA and IgG classes (Fig. 3B). Twenty- 
one clones were maintained for up to 3 months, and 4 of them showed strong prolif- 
erative responses for up to 8 months (3G9, 3GI 1, 3G12, 4D4). Numerous supematants 
of B cell clones demonstrated a low binding activity to MRC5 cells in contrast to the 
binding activity observed with HUVEC (Fig. 3A). Moreover, nonadherent B cells, 
also cloned by the limiting dilution technique without EC-pSV 1 cells, failed to produce 



Fig. 2. Binding of the EBV-infected B ceUs on HUVEC (A), EC-pSV 1 cells (B), HeU cells (C), and COS 
cells (D). Five minutes of incubation of adherent B cells allowed the formation of typical rosettes with 91 
± 5% HUVEC or EC-pSV 1 cells. COS cells and HeLa cells did not support such adhesion properties (4 ± 

2%). 
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Fig. 3. Production of antibodies by the selected EBV-transformed B cells cloned by the limiting dilution 
technique. (A) The human IgM antibodies produced by the 21 B cell lines were directed against HUVEC 
(■) but not to MRC5 cells (□) as detected by ELISA, in which results are expressed as the mean OD from 
a duplicate after subtraction of the mean value of all OD (0.135 ± 0.107). (B) Isotype analysis of immu- 
noglobulins produced after 72 hr of culture, in which results are expressed in ng/ml of immunoglobulin and 
are representative of three measurements. 



anti-endothelial cell antibodies: after 2 1 days of culture, 52 proliferative lines among 
576 wells were obtained. Although the majority of these cell lines produced immu- 
noglobulin of At class, only 1 of the 52 cell lines showed a weak anti-HUVEC antibody 
level (OD values range: 0.1-0.2) (data not shown). 

Endothelial Cell-Dependent GroMh and Immunoglobulin Production by Cloned EBV- 
Infected B Cells 

When B cells cloned by coculture with EC-pSVl cells were cultured alone, the anti- 
HUVEC antibody production decreased quickly, and the B cells no longer proliferated 
as well as they did under coculture conditions (Fig. 4A). The inabiUty of cloned B 
cells to proliferate without the presence of endothelial cells led us to investigate a 
putative role for EC-pSVl -derived nlediators, such as interleukin 6 (IL-6), which is 
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IgM (ng/ml) 

Fig. 4. Role of EC-pSV 1 in the proliferation of B cells. (A) Time course of IgM production by the B cell 
line 3G1 1 cultured with EC-pSVl (O) or alone (•); supematants were collected at 72 hr and results are 
expressed in ng/ml. Results are similar for the other B cell lines tested. (B) Inability of rhIL-6 or EC-pSVl 
conditioned medium to replace EC-pSVI in IgM production by the cloned B cell lines. Results are expressed 
in ng/ml. 

known to be an autocrine B cell growth factor produced by EBV-infected B cells and 
to be produced in large quantities by EC-pSVl cells (25). The proliferation and the 
immunoglobulin production of the 3G1 1 cloned B cell line, when cultured without 
EC-pSVl cells, quickly decreased at Day 3. Addition of recombinant human IL-6 
(5000 U/ml), or EC-pSVl -conditioned medium (collected from a 72-hr culture of 
EC-pSVl cells), was unable to stimulate proliferation and immunoglobulin production 
of cloned B cells regardless of the time of culture (Fig. 4B). At Day 12, no viable B 
cells could be detected. Similar results have been obtained with 4 other B cell lines 
(1G5, 3G9, 3G12, and 4D4) producing IgM antibodies against HUVEC. 

Detection of Human Anti-192-kDa Endothelial Cell Antigen Antibody 

The presence of a high antibody level in supematants of some cloned B cells has 
led to the identification of the endothelial cell target antigens recognized by these 
antibodies. The immunoblot analysis of supematants of B cell lines against HUVEC 
extracts revealed the presence of an endothelial cell antigen with an apparent molecular 
weight of 192 kDa, as observed with two B cell Hnes (3G1 1 and 3G12) (Fig. 5). A 
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Fig. 5. Detection of an endothelial cell antigen as a taiBct for antibodies of isotype produced by the B 
cell lines. (A) Immunoblotting analysis against HUVEC extracts revealed that a 192-kDa endothelial cell 
antigen was recognized by the anti-HUVEC antibodies of IgM isotype produced by the B cell lines 3GI 1 
(1) and 3G 12 (2). (B) A 192-kDa antigen was detected by the anti-HUVEC antibodies contained in the 
coculture supernatant of the B cell line 3G1 1 in EC-pSV! (1), in HUVEC (2), and in nonadherent PBMC 
antigenic extracts (3). A 200-kDa antigen and a 160-kDa antigen were detected by these supematants in 
mononuclear cell extracts (4) and platelet extracts (5), respectively. No other antigens were evidenced in 
cellular extracts including COS cells (6), MRC5 cells (7), HeLa cells (8), or PMN cells (9). 



band of the same molecular weight was detected when the immunoblots were per- 
formed with cell samples prepared under reducing and unreducing conditions (data 
not shown). This 192-kDa antigen was also detected in EC-pSVl cells. The anti- 
HUVEC antibody present in supernatant 3G11 was demonstrated to recognize an 
adherent PBMC antigen with an apparent molecular weight of 200-2 1 0 kDa, a platelet 
antigen of 160-170 kDa, and an antigen with the same molecular weight of 192 kDa 
present in lymphocytes (Fig. 5). Further separation of T and B lymphocytes by rosette 
formation followed by T and B cell sampling under reducing conditions showed that 
the 192-kDa antigen was present on both resting T and B cells (data not shown). This 
antigen was not detected in neutrophils or HeLa cell, COS cell, or MRC5 cell extracts 
and no blood group antigen was recognized by the anti- 192-kDa antibody (data 
not shown). 

DISCUSSION 

Until now, to our knowledge, no human B cell epitope from endothelial cells rec- 
ognized by autoantibodies has been identified. Our goal was to favor the production 
of such antibodies used as probes to identify the endothelial cell antigens that might 
putatively be involved in human autoimmune diseases. In the present study, we used 
a method of producing antibodies to human endothelial cells from a human B cell 
repertoire, selected by adherence to endothelial cells. Two of the B cell lines produced 
antibodies of IgM isotype which recognized an endothelial cell antigen with an apparent 
molecular weight of 192 kDa. 

Whether the anti-HUVEC antibody-producing B cells selected in our system reflect 
the anti-HUVEC serum antibodies detected in different autoimmune diseases remains 
unresolved. The B cell population used in this study was obtained from a patient who 
suffered from Churg and Strauss syndrome (19). We speculated that in this syndrome, 
as in systemic vasculitis, the probability of anti-HUVEC antibody production was 
higher than that in healthy subjects (9). 
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The first aim was to efficiently select EBV-transformed B cells able to produce anti- 
HUVEC antibodies. In this study, EC-pSVl cells were used as a source of antigens 
able to interact with immunoglobulin receptors on the surface of B cells. This human 
endothelial cell line transfected by SV40 was used for several reasons: (i) the EC-pSVl 
cells can be maintained in long-term cultures, (ii) the growth of EC-pSVl cells is 
effective without addition of heparin and endothelial cell growth factors, and (iii) the 
EC-pSVl cells produce spontaneously high levels of biologically active interleukin-6, 
which is one of the more effective B cell growth factors (29, 30). In contrast, HUVEC 
cultures, obtained from different umbilical veins, were chosen as a source of antigen 
extracts for anti-endothelial antibody screening by ELISA, instead of EC-pSVl cells, 
in order to discard the selection of nonrelevant antigenic determinants such as blood 
group antigens. Human IgM was found not to bind onto HUVEC even at high con- 
centrations. A B cell line (1G5) that produced high levels of IgM did not show any 
anti-HUVEC antibody-binding activity in comparison with other clones, even with 
identical levels of IgM (as for the 3GI 1 B cell line). Thus it is unlikely that IgM 
antibodies bind through the Fc fragment. 

Among the adherent B cells, the frequency of anti-HUVEC antibody-producing B 
cells increased, in comparison with the level observed with nonselected EBV-trans- 
formed B cell populations. Anti-HUVEC antibodies of IgM isotype were clearly de- 
tected in supematants after the ninth day of coculture. The immunoglobulins produced 
by the selected B cells recognized HUVEC but not MRC5 cells, demonstrating that 
the augmentation of IgM anti-HUVEC antibody production was not related to an 
increase of total immunoglobulin production, but to a selection of anti-HUVEC an- 
tibody-producing B cells by specific adherence to endothehal cells. Of 21 wells fi-om 
cloned B cells, 6 demonstrated a strong production of anti-HUVEC antibodies, whereas 
only 1 of 52 wells from unselected B cells produced low amounts of anti-endothelial 
cell antibodies. The use of these supematants on immunoblots against endothelial cell 
extracts revealed the appearance of 23 bands ranging from 17 to 200 kDa. In contrast, 
no bands could be detected in supematants from unselected B cells, even when the 
coculture supematants were diluted to adjust the immunoglobulin level to those ob- 
served in supematants of unselected B cells. More interestingly, the frequency of anti- 
endothelial cell antibody-producing B cell lines was higher in the cocuhure than in 
the nonselected culture. 

B cell adhesion to endothelial cells involves multiple mechanisms of interaction, 
including cellular adhesion molecule pathways (intercellular adhesion molecule 1 
(ICAM-l)/lymphocyte function-associated antigen 1 (LFA-1) (31-38) and vascular 
cell adhesion molecule 1 (VCAM-l)/very late antigen 4 (VLA-4) (39)) and antigen- 
antibody recognition (39-41). VCAM-1 is not spontaneously expressed on both HU- 
VEC and EC-pSVl cells (42-44), and the fact that B cells adhere strongly in a few 
minutes to these endothelial cells suggests that in our system, the VCAM-1 /VLA-4 
interaction pathway was not involved in B cell adhesion. By contrast, adherence of B 
cells was inhibited by the addition of anti-ICAM-1 antibodies, clearly indicating that 
this cellular adhesion pathway was involved in the adherence of selected B cells to 
endothelial cells. This point suggests that a combination of this pathway with the 
antigen-antibody recognition was impUed in the selection by adherence of Ef cells. 

The interaction of B cells with endothehal cells led to their selection, activation, 
and expansion. The growth of these B cells selected by adherence was found to be 
dependent on the presence of EC-pSVl cells, as judged by proHferation, immuno- 
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globulin production, and anti-HUVEC antibody synthesis. IL-6 is a B cell growth 
factor produced by EC-pSVl cells, but also by EBV-infected B cells in an autocrine 
manner. Thus, we speculated that IL-6 could be involved in the growth of B cells (29, 
30). In fact, our data showed that neither soluble EC-pSVl -derived mediators nor 
rhIL-6 was able to stimulate the growth and the Ig production of selected B cells. 
These results indicate that cell-cell interactions led to the maintenance of high growth 
rates and immunoglobulin production for B cells. We cannot exclude the participation 
of membrane-associated IL-6. 

The last point of this study was to define the target antigen recognized by the anti- 
endothelial cell antibody produced by the cloned B cells selected by adherence. An- 
tibodies produced by the 3G1 1 and 3G12 lines recognized only a 192-kDa endothelial 
cell antigen. This antigen was not related to a blood group antigen as it could be 
sometimes observed. The anti- 192-kDa antibodies also recognized antigens in other 
cellular extracts with different molecular weights. This difference in apparent molecular 
weight of the antigenic structure recognized by these antibodies may be due to (i) a 
different glycosylation state or (ii) the recognition of different antigens sharing cross- 
reactive epitopes. Nevertheless, the characterization of this 192-kDa antigen is now 
under investigation. 

In conclusion, without previous knowledge of the endothelial cell-derived B cell 
epitopes, we developed a method based on cell-cell adhesion that eflSciently selects 
adherent EBV-infected B cells in cells producing antibodies directed against endothelial 
cell antigens. In addition, a human antibody of IgM isotype recognizing an endothelial 
cell antigen with an apparent molecular weight of 192-kDa has been produced under 
these conditions. This method can represent a powerful tool for investigating the 
human B cell repertoire in various autoimmune diseases in which the vascular en- 
dothelium is thought to play a central role, 
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Selection of Ligands for Polyclonal Antibodies fronn Random Peptide 
Libraries: Potential Identification of (Auto)Antigens That May 
Trigger B and T Cell Responses in Autoimmune Diseases 
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The development of random peptide libraries has in- 
creased our possibihty for analyzing the structural 
features involved in binding events. Recently, reports 
have appeared in which these libraries have been suc- 
cessfully used to investigate binding properties of ho- 
mogeneous proteins such as monoclonal antibodies. 
However, a more general application of peptide librar- 
ies would be the use of polyclonal sera or fluids from 
patients with autoimmune diseases in biopanning ex- 
periments. This would subsequently allow the identi- 
fication of (auto)antigen leads responsible for the initi- 
ation and/or perpetuation of the immune response in 
these patients. Moreover, the strategy allows the struc- 
tural characterization of autoantibody specificities in 
body fluids that have been produced in vivo without 
the introduction of bias due to preferential B cell 
growth under in vitro conditions. The application of 
this novel strategy for selection of antibody ligands for 
polyclonal sera as well as to study the nature of im- 
mune responses to defined proteins wiU be discussed 
with emphasis on the development of peptide reagents 

for diagnostic and vaccine use. O 19m Academic Press, Inc. 



RANDOM PEPTIDE LIBRARIES 

The development and application of peptide libraries 
have become a powerful tool for identifying determi- 
nants recognized by antibodies and other proteins (1- 
9), Libraries that have been used so far can be divided 
into three categories that differ in the way in which 
these libraries were constructed and/or presented (for 
review see 2). The first category is based on the ability 
to express foreign peptide on the surface of filamentous 
bacteriophage, as well the expression of fusion proteins 
on other vectors such as plasmids (5). The second type 
involves insoluble, support-bound S3Tithetic chemical 
libraries in which the amino acids are presented on, 
for example, resin beads (6). In the third t3rpe, the 



amino acids are synthesized in a manner that permits 
their use directly in solution (7). All types of libraries 
involve specific screening and affinity selection of pep- 
tides that mimic ligands for particular proteins. 

Libraries that utilize filamentous bacteriophages, 
such as M13, fl, or fd, are generated by chemically 
synthesizing a random degenerative oligonucleotide 
with flanking regions that contain sites for restriction 
enzjmaes which allow ligation into cloning vectors. The 
individual peptides are encoded by millions of random 
oligonucleotides that are expressed at the N-terminus 
of the minor protein (pIII) at the tip of the phage (8, 9) 
or over the entire surface of the phage fused with the 
major coat protein (pVIII) (10, 11). In both cases the 
random peptides are exposed and are therefore avail- 
able for selection protocols. 

The selection of antibody motifs from phage libraries 
will depend on the genetic diversity of the library. Such 
diversity can be examined by analyzing the distribu^ 
tion of bases at each position within the codons via 
sequencing of random phage clones. To assess more 
rigorously the diversity of phage libraries, a modified 
colony hybridization technique has also been developed 
(12). As an example we have analyzed the data from 
random sequences of individual clones derived from 
different phage display libraries (Table 1). The data 
indicated that all amino acids are represented. How- 
ever, the frequencies of some amino acids are under- 
or overestimated in each library, but still range from 
about 0.5 to 2, consistent with a random distribution 
of sequences. 

To select phages that bind to particular proteins such 
as monoclonal antibodies, a biopanning technique is 
used (16). In this procedure the phage library is mixed 
with a biotin-conjugated ligand. Thus, phages that dis- 
play appropriate peptides can be immobilized on strep- 
tavidin-coated plates, while phage particles that bind 
weakly or do not bind will be washed away. The boimd 
phages can be eluted unspecifically by treatment with 
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low pH or specifically by a competitor (4, 17, 18). The 
eluted phages are then propagated into Escherichia 
coli, phage particles are prepared, and the same pro- 
cess is repeated to eliminate irrelevant phages or pep- 
tides that bind with low affinity. Following screening, 
the peptide sequences displayed by the selected phages 
can easily be determined by sequencing the coat pro- 
tein-encoding region of the phages such as the pVIII 
gene. Peptides can be displayed as linear or cyclic con- 
straints (Fig. 1). 

STRATEGIES USED FOR ENRICHMENT OF POTENTIAL 
DISEASE-SPECIFIC PEPTIDES 

Phage libraries have been used to study antibody- 
antigen £md protein-protein interactions as well as 
to develop novel antibacterial and biologically active 
peptides (2-4, 18, 19). However, a more general use of 
the phage libraries would first be the identification of 



Filamentous phage 

Linear peptide 




FIG. 1. Shematic representation of peptide displa3dng phages. 
Peptides can be displayed as linear or cyclic constraints fused with 
the N-terminus of the pVIII coat protein on filamentous phages. 
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TABLE 1 M 

Analysis of the Diversity of Some Random " • ;, 
Peptide Phage Libraries 



/ 

Occurrence" 



Amino 


Ref. 


Ref. 


Ref. 


Ref. 


Ref. 


acid 


13 


14 


4 


9 


15 


A 


1.29 


1.18 


1.35 


1.42 


0.67 


C 


0.63 


0.33 


0.47 


0.89 


0.70 


D 


0.50 


0.66 


1.72 


1.11 


0.73 


E 


1.50 


0.99 


1.33 


1.00 


0.87' 


F 


0.63 


0.91 


0.55 


1.33 


1.22 


G 


2.15 


0.81 


1.81 


1.74 


1.67 


H 


0.38 


1.32 


1.17 


0.78 


0.73 


I 


0.63 


1.32 


1.56 


0.67 


0.73 


K 


1.00 


1.74 


1.25 


1.78 


1.16 


L 


0.84 


0.85 


0.72 


1.25 


0.74 


M 


1.13 


0.57 


0.47 


1.11 


0.97 


N 


0.38 


0.99 


1.41 


0,78 


0.73 


P 


1.38 


1.14 


0.58 


0.47 


1.61 


Q 


1.13 


1.57 


0.55 


1.67 


0;58 


R 


1.32 


1.31 


0.59 


1.04 


1.34 


S 


0.88 


0.98 


1.08 


1.07 


1.00 


T 


0.47 


1.22 


0,77 


0,74 


1.10 


V 


1.41 


0.49 


1.65 


0.96 


1.19 


w 


1.50 


0.33 


1.17 


1.22 


1.26 


Y 


0.63 


0.99 


0.94 


0.67 


0,92 



° The occurrence of each amino acid in different libraries is calculated 
from the frequency of individual amino acids in random peptide inserts 
divided by the expected ft^uency. The expected frequency is calculated 
by multiplying the fraction of codons which encode each amino acid by 
the total number of amino acids present in the sample (9). 



common features of antibodies present in different indi- 
viduals infected , by the same or related pathogens and 
second the mapping of polyclonal autoantibodies di- 
rected against important functional proteins (e.g., cjrto- 
kines, snRNPs, DNA, and IgG). 

In the first system, the rationale is that antibodies 
from patient sera might bind to a phage containing the 
epitope responsible for initiating the disease. There- 
fore, sequencing of the selected phages may give clues 
to the nature of the original antigen that initiated the 
antibody production and possibly the T cell response. 

We have been using this approach in order to identify 
putative antigens that are responsible for the initiation 
and/or perpetuation of the immune response in pa- 
tients with autoimmune diseases such as rheumatoid 
arthritis (RA) (20). However, in contrast to homoge- 
neous proteins such as monoclonal antibodies, the sera 
from patients or immunized individuals will, in addi- 
tion to antibodies specific for the antigen, contain a 
vast array of other antibodies of imknown or irrelevant 
specificities. This would result in an enrichment of 
phiages with irrelevant peptide ligands during the bio- 
panning procedure. To overcome this problem and to 
enrich for disease-specific peptides, we have introduced 
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lOT 



A 

(1) Biopanning with a pool of patient sera (enriched 
library) 

(2) Biopanning of the enriched library with a pool of 
normal sera (use excess of antibodies compared to 
phages) 

(3) Collection of nonbinder phages, preparation of 
phages, and screening of the phages by ELISA using a 
panel of patient and normal sera 

B 

(1) Biopanning with a pool of patient sera as well as 
with a pool of normal sera 

(2) Subtraction of the two enriched libraries by colony 
hybridizations 

(3) Selection of positive colonies, preparation of 
phages, and further screening with a panel of patient 
and normal sera 

C 

(1) Biopanning with serum or fluid antibodies from a 
patient 

(2) Screening of the enriched library with a second pa- 
tient and further with a third patient sera or fluid anti- 
bodies 

(3) Preparation of phages and then screening with a 
panel of patient and control sera or fluids in ELISA 

FIG. 2. Strategies used for enrichment of disease-specific pep- 
tides. 



a subtraction step in the biopanning protocol (Fig. 2A). 
In this protocol, the undesirable phages and the phages 
that bind outside the antigen binding site were sub- 
tracted by using a pool of normal sera. Following selec- 
tion and subsequent subtraction, phages were further 
selected for their reactivity in ELISA experiments with 
a panel of RA and normal sera. Phages that react with 
RA sera but nc^t with normal sera were considered as 
relevant phages. This strategy has allowed us to select 
specific peptides using antibodies present in the sera 
from RA patients without any prior knowledge of the 
antibodies or proteins involved. The humoral response 
of RA patients toward the selected peptide was found 
to be higher compared to the response of controls (20). 
A data base search with one overselected peptide (pepl, 
ADGGAQGTA) identified a significant homology with 
both the cereal glycine-rich cell wall proteins (GRP) 
and Epstein-Barr virus nuclear antigen-1 (EBNA-1). 
Antibody activities against synthetic peptides from the 
EBNA-1 protein have been found to be elevated in cer- 
tain autoimmune diseases including RA (21). A signifi- 
cant amino acid homology was found between the GRP 
1.8 protein, the EBNA-1 protein, and cytokeratins (Fig. 
3) (22). Antibodies against a synthetic peptide from the 
GRP 1.8 protein were also found to be significantly 



increased in RA patients compared to controls (Dybwad 
et aL, in preparation). 

Rheumatoid arthritis is associated with certain HLA 
types (HLA-DRl and some HLA-DR4 specificities) (23). 
We have therefore investigated the possibility of select- 
ing B cell epitopes fi:-om the sera of a DR4-positive pa- 
tient who had a very aggressive form of RA (14). Analy- 
sis of peptide sequences displayed by phages selected 
by using serum from this patient revealed a peptide 
sequence RKALRLSAS that contains a consensus se- 
quence of XXYY, where X = R/K/H and Y = A/L/W, 
which was also selected by the SF and sera antibodies 
from other RA patients. The peptide shares 4 amino 
acids with the peptide sequence ESRRAL present in 
the surface membrane hemolysin of Proteus mirabilis 
(24). The change of R to K represents a conservative 
substitution. The ESRRAL sequence closely resembles 
the sequence EQRRAA that is present on both the P 
chain of HLA-DRl molecules and on the HLA-DR4 sub- 
types (Dwl4 and Dwl5) known to be associated with 
RA (23, 24). Antibody activity against a 16-amino-acid 
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KERATIN TECQNAEYQQLLDIKTRLENEIQTYRSLLEGEGSSSGGGGGRRGGSGGGSYGGSSGGGSY 
430 440 450 460 470 480 
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FIG. 3. Amino acid homology between the GRP 1.8 protein and 
the EBNA-1 nuclear protein (A) or keratin type 1 cytoskeletal protein 
(B). conserved replacement. 
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synthetic peptide containing the ESRRAL sequence 
has been found to be higher in RA patients compared 
to control groups (25). Another major associated allele, 
DR4 Dw4, carries the related sequence QKRAA that is 
present on the gpllO protein of Epstein-Barr virus 
(26). Furthermore, the QRRAA sequence motif has 
been described to be a recognition site for alloreactive 
T cells in RA patients expressing DRl, Dwl4, and 
Dwl5 (23). 

Taken together, the above examples demonstrate 
that by using only sera from patients it is possible to 
select antibody motifs. Such motifs can be used as 
probes to identify (auto) antigen leads that may play a 
role in the etiology of rheumatoid arthritis. However, 
the peptide motifs which we have selected could repre- 
sent conformational epitopes, since our strategy identi- 
fies both continuous and conformation-dependent epi- 
topes (27, 28). 

Alternatively, screening of peptide phage libraries 
with sera from patients who have recovered from dis- 
eases may identify peptides for protective antibodies. 
As mentioned above, patient serum contains millions 
of different antibody specificities. To increase the possi- 
bility of selecting relevant phages, screening of phages 
with sera from many patients and controls in ELISA 
experiments is required. To overcome this time-con- 
suming requirement, a rapid immunological screening 
method has been developed (12). This method allows 
the direct identification of binding phages following a 
transfer to nitrocellulose membrane filters. In the past, 
a similar method has been used in the screening of 
expression cDNA libraries (29, 30). To improve the 
screening procedure, in addition to the subtraction step 
which we introduced in the biopanning experiments 
(20), we have subtracted two enriched libraries from 
the screening of sera from RA patients and, in parallel 
with sera from normal individuals, by colony hybridiza- 
tion (Fig. 2B) in which the probe association is indepen- 
dent of the mature of the sequence. This was accom- 
plished by^lhe addition of 3 M tetramethylammonium 
chloride (TMAC) to both the hybridization and washing 
buffers (31). Under these conditions the dissociation 
temperature of AT base pairs is similar to that of GC 
base pairs. In effect, the binding of a short probe be- 
comes solely dependent on its length. 

roENTIFICATION OF ANTIBODY SPECIFICITIES 
IN THE SYNOVIUM 

For many of the autoantibodies found in the sjniov- 
ium of patients with rheumatic diseases, there is mini- 
mal knowledge of what the actual reactive epitopes are 
and what provided the original stimulus that initiated 
their production. The localized nature of the immune 
response in the synovium seen in RA and JRA patients 
suggests that the sjoiovium compartment may contain 
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or express antigen(s) that are not found in other tis^u^ 
or they are better presented in the S3niovium thanf;^ys^^ 
where in the body. ^ ?i;jf* 

Plasma cells in the synovium produce high amouxl|| 
of immunoglobulins, many of which exhibit rheumatoii 
factor (RF) activity (32). Locally produced immunoglob^ 
ulins might play an important role in the pathogenesis^ • 
of RA by forming immune complexes (33). Thus, the| 
antigen specificities of antibodies in the synovium re^i 
main a major scientific question. Antibodies in rheimiav 
toid synovial fluids appeared to react with several prol:^ 
teins obtained from s3nnovial tissue (34). Howeverj ttfe 
exact nature of these antigenic proteins is unknown. 
When the suspected parental antigen is known, syn- 
thetic peptides have been used to identify linear epi- 
topes recognized by autoantibodies (35). Reactive pepi ^ 
tides identified in this way may make better diagnostic 
tools than the parental protein. Many antibodies, espe- 
cially autoantibodies, do not recognize Unear structures ^ 

(36) , and in those cases the overlapping peptide strat-x 
egy cannot be applied. The phage library approacli 
gives the possibility of analyzing the structural charac- 
teristics of both linear and conformational epitopes. 
This would allow the identification of antibody specific- 
ities found at the inflammatory sites such as in the 
synovium, regardless of whether the (auto)antigens are 
known. Another crucial advantage of the phage library 
is that it permits the identification of autoantibody 
specificities that have been produced in vivo without 
the introduction of bias due to preferential B cell 
growth under in vitro conditions or potential in vitro 
stimulation of resting B cells by EBV transformation 

(37) . Moreover, polyclonal sera from patients will pos- 
sess additional specificities that cannot be encountered 
among monoclonal antibodies. These specificities may 
have potential significance for the disease (see below). 

To begin with, we have, screened a nine-amino-acid 
unconstrained library with polyclonal SF antibodies 
(14). Phages that share consensus sequences were iso- 
lated (e.g., HEL GDIAIA , GAS GDIA KQ, and APRRLF- 
DIA ). High antibody titers against a synthetic peptide, 
displayed by the overselected phage (HELGDIAIA), 
were found in other SF samples obtained from RA pa- 
tients compared to SF samples from osteoarthritis pa- 
tients (P < 0.0115, Mann-Whitney test). Moreover, 
the humoral response in the sera of RA patients to 
the same peptide was significantly higher (P < 0.02) 
compared to the response of normal individuals. A ho- 
mology search with the peptide identified a similar se- 
quence, GELGDIGLP, that is present in collagen IX 
(residues 682-693). The amino acids LP represent con- 
servative substitutions for lA. This homology is inter- 
esting and might be meaningful, since anti-collagen 
type IX antibodies have been described in RA pa- 
tients (38). 

Sequence data analysis of SF antibodies-selected 
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peptides indicated that the B cell expansion in the sy- 
novium was most likely due to a local and specific anti- 
gen stimulation, since most of the SF-selected peptides 
were different from those selected from the serum of 
the same patient (14). These findings support the hy- 
pothesis that the B cell repertoire in patients with auto- 
immune diseases is shaped by an antigen-driven re- 
sponse rather than reflecting a polyclonal B cell activa- 
tion at the site of inflammation (39). In this regard, the 
analysis of the antibody repertoire expressed in the 
synovium of a long-standing seropositive RA patient 
revealed that some V« chains were overrepresented in 
the synovium compared to the blood from the same 
patient (40). Although the cloning strategy employed 
by the authors did not permit direct correlation of anti- 
body sequences with antigen specificity, it presented 
evidence that the expansion of B cells in the synovium 
is a product of a local antigen receptor-driven selection. 

To determine if there are common SF antibody speci- 
ficities among RA patients, different SF samples were 
analyzed (14). In this strategy, all selected phages that 
bound to SF antibodies from one RA patient "enriched 
library" were screened with SF antibodies obtained 
from other, different RA patients (Fig. 2C). This proto- 
col allowed us to identify common SF antibody specific- 
ities, for example IRRSETPRA and GASGDIAKQ, that 
contain consensus sequences of (I/L)RR(E/D)X and 
GDIA, respectively. The former motif was found in type 
XI collagen (residues 421-425). 

To see whether the screening of serial synovial fluid 
samples taken from the same patient over a period of 
time by the phage library showed the same focused 
motifs, a random hexapeptide phage library (8) dis- 
played on pIII was screened by the synovial fluid anti- 
bodies from a RA patient obtained on two occasions 
with a 2-year interval. The sequence displayed by 61 
random phages that bound the SF antibodies obtained 
on the second occasion identified different groups of 
peptides that showed common motifs (Table 2B). Inter- 
estingly, the Rfeptide motifs SGFP(W/L) and LSLY were 
seen on the /first occasion. This would suggest that 
these specificities may be relevant for the disease. 

The most common autoantibodies in RA are RFs, an- 
tibodies that bind to the Fc portion of IgG. RFs can 
comprise up to 25% of synovial immunoglobulin (IgM, 
IgG, and IgA) in seropositive RA patients (32). Some 
of the patients which we have analyzed contain a high 
RF activity in the SF. Thus, the peptide sequences that 
have been selected from SF with RF activity should 
contain RF specificities (14). Surprisingly, examination 
of more than 200 random antibody epitopes did not 
reveal any significant homology with continuous pri- 
mary sequences of the Fc fragment of human IgG. 
These results indicated that the epitopes for RFs are 
conformation-dependent epitopes. In this regard, previ- 
ous studies have shown that the determinant recog- 



TABLE 2 

Peptide Sequences Displayed by 100 Random Phages Bmd- 
ing SF Antibodies from One RA Patient Obtained at the Sec- 



ond Occasion 








VRLNHI 


WWNFGG^ 


GYRGVN 


WWYMGG 




RRQWLT 


FYQWMA - 


KDTFQA 


B 








TGFFWA 


LSLYSL 


LSLLST 


SPFTYQ 


S6FFWR 


LSLYSS 


LSLLSF^ 


LNHSPF 


ISGFPC 


LSLYFA 


GPYSLL^ 


PFSASS 


PDS6AS 


LQRYMS 


VTSFWC 


ACWPFC 


SLAGWA 


KAHSLP 


DLGRIS 


PFWWLY 


QVSFPW^ 


PSLAWF 


LRLSFT 


PYIAAF 


FPLRYS 




LLAKNI 


PYMSNR 


AFPLHF 




PIISQS 




FPLEFW 




IIYSGS 




FPLLFS 




MEHLPS^ 




HFPVSI 




KSRRSS 





FPGYSL 

FGFRNL ^ 

Note. (A) Sequences with no obvious homology to the motifs in B. 
° The number of clones encoding the same peptide. Motifs are 
shown in bold. 

nized by RF was on the Cy3 domain, and others were 
identified as belonging to the Cy2 domain (41). The 
combination of site-directed mutagenesis and exon ex- 
change used to define the structure of IgG recognized 
by IgM rheumatoid factors indicated that at least three 
regions, two from CH2 and one fi-om CH3, contribute 
significantly to the epitope recognition by monoclonal 
RFs (42). This would suggest the involvement of the C72 
and C73 interface in RF binding. PreUminary analysis 
of peptide sequences which we have selected by the use 
human monomeric IgG-agarose aflfinity-purified poly- 
clonal RFs confirms that RF epitopes are conformation- 
dependent epitopes. Although the binding of polyclonal 
RF's to the selected phages was significantly lower as 
compared to their binding to the Fc of human IgG, the 
analysis of the sequence data suggested that Tyr, Ser, 
Leu, His, Phe, Ala, and Arg are important for RF bmd- 
ing. The determination of the antigenic sequences of m 
vivo produced RFs is important in that it may help to 
identify other antigens responsible for the induction of 
RF production. In this respect, a homology search with 
some RF motifs that we have selected identified signifi- 
cant linear homology with human cytoskeletal proteins 
(e.g., tubuUn) and other proteins fi^om viruses that could 
serve as stimulus to (re)activate the RF-producing B 
cells. If this proves to be the case, the affinity maturation 
of RFs will possibly depend upon the specific infection 
in each individual. 

STUDIES OF B CELL RESPONSES AGAINST 
IMPORTANT FUNCTIONAL PROTEINS 

Sera from patients with autoimmune diseases and 
some other diseases contain for unknown reasons anti- 
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bodies against very important functional proteins and 
cellular components (36, 43). For example, autoanti- 
bodies against the small RNA- protein complexes, the 
small nuclear ribonucleoproteins (snRNPs), are mostly 
found in the sera from patients with systemic lupus 
erythematosus (SLE) or SLE-overlaping syndromes 
(44). Serum Eintibodies against the p53 tumor-suppres- 
sor protein have been found in about 20% of patients 
with breast, lung, and lymphoreticular cancers (45, 46). 
In addition, naturally occurring autoantibodies against 
self-proteins such as lymphokines were found in the 
sera of patients with autoimmune diseases as well as 
in the sera of normal individuals (47). To date, very 
little is known about the nature of B cell responses to 
these important proteins, the precise antibody epitopes 
on the parental proteins, and their molecular origin. 
We believe that the random peptide libraries could be 
an additional tool for studying B cell responses as well 
as defining the autoantibody specificities against 
known proteins. 

The structure of peptides that can be selected by the 
use of polyclonal sera will depend upon the complexity 
of the humoral response (mono-, oligo-, or polyclonal). 
As may be expected, a humoral response against a pro- 
tein will be more heterogeneous in terms of antibody 
specificities than the response against a peptide. To 
begin with, we have investigated the nature of the rab- 
bit B cell responses against a synthetic peptide (ALW- 
FRNHFVFGGGTKVT) derived from the \ 2^'^ mouse 
immunoglobulin chain (48). Among the 36 positive 
phages that reacted significantly with the antiserum 
compared to normal rabbit serum, 31 clones carried the 
sequences AVFGGGTKL, PFFGGGSRA, and APT- 
GGSKRT that were homologous with the immunizing 
peptide (13). Interestingly, the peptide sequences dis- 
played by the positive clones suggested that the B cell 
response was focused on the carboxy terminus of the 
peptide and was of monoclonal type, since the phages 
shared the same consensus sequence. Thus, these data 
open the possibility of studjdng the nature of B cell 
response against antigens. 

The level of naturally occurring autoantibodies to tu- 
mor necrosis factor a (TNFa) is significantly increased 
in patients suffering from chronic infections and vari- 
ous inflammatory disorders, including rheumatic dis- 
eases (47). Interestingly, a mouse transgenic for the 
human TNFa gene, which expressed a high level of the 
protein in vivo, developed chronic arthritis (49). The 
disease in the mouse could be prevented by administra- 
tion of mAb against TNFa. Furthermore, it was demon- 
strated that anti-TNFa antibodies were safe and a ben- 
efit for arthritis patients (50). Thus, it is possible to 
speculate that the in vivo stimulation of TNFa autoan- 
tibody production may block the effect of the proin- 
flammatory cytokines. Having this idea in mind, as a 
flrst step we have tried to determine the specificities 
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of affinity-purified polyclonal autoantibodies ag^-^ 
TNFa protein from one RA patient (51). The amino 
composition displayed by the phages that were mote 
frequently selected during the screening experiments 
revealed a consensus sequence of Ser-Ser-X, whet^^ 
= Pro, Leu, or Phe. Analysis of the primary structiu^ 
of TNFa protein indicated that the sequences that we^; 
have selected represent conformation-dependent epi- ? 
topes. However, two of the selected epitopes shared a 
linear homology with the TNFa protein. One peptide 
contained Ala-X-X-Leu-Leu-Ala corresponding to amino^S 
acids 33 and 36-38 in the TNFa protein, while anothesr^t 
peptide contained Pro-X-X-Lys-Pro-Val corresponding: 
to residues 8 and 11-13 in the TNFa protein (52). Since 
the phages make good carriers for producing antibodies- 
against their displayed peptides, the TNFa-selected 
phages were used as immvmogens. The sera of mice 
(BALB/c) immunized with phages displa5dng ASSLLA- 
SSP and NSSPYLNTK peptides that contain the con- 
sensus sequence showed an anti-TNFa response. Thus, 
these data provide some measure of significance of the 
selected peptides. Moreover, it also opens the possibil- 
ity of defining epitopes that could be used for immuni- 
zation. 

The selection of B cell epitopes from polyclonal anti- 
bodies has been successfully demonstrated by other 
studies (53, 54). Kay et al. described the mapping of a 
polyclonal goat anti-mouse IgG Fc antibody with use 
of a 38-amino-acid peptide phage library (53). Peptides 
with a consensus sequence (RT(I/L)(SyT)KP) were se- 
lected, and this sequence was present within the Fc 
region of the mouse Ig (aa 216-221). In addition, a 
phage expressing a completely different peptide, with 
no homology to the mouse Ig sequence, was selected. 
This peptide probably represented a mimotope of a con- 
formational epitope. Recently Folgori et al. (54) selected 
two mimotopes (CRTCAHPGEHA and CGPFFLAA- 
SVC) from the screening with sera of individuals immu- 
nized with the hepatitis B virus envelope protein 
(HBsAg). Only the first peptide revealed some homol- 
ogy with amino acids 121-127 of the HBsAg, yet the 
humoral response to these mimotopes was found to be 
widespread in the recombinant HBsAg-immunized 
population (80%). 

CAN THE SELECTED PEPTIDES FROM THE PHAGE 
LIBRARIES INDUCE A HUMORAL RESPONSE? 

Production of antisera to a peptide usually involves 
the chemical synthesis of the peptide and its conjuga- 
tion to a carrier molecule. However, De la Cruz et aL 
(55) demonstrated that recombinant phages with pep- 
tide epitopes displayed on the coat proteins are both 
antigenic and immunogenic in different animals. This 
system appeared to be an ideal immunological tool, and 
many investigators have tested whether the peptides 
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selected by the phage hbraries could induce humoral 
responses in different animal species. As mentioned 
above, the peptides that have been selected by their 
capacity to bind autoantibodies against tumor necrosis 
factors induced a humoral response in BALB/c mice 
(51). The HBsAg mimotopes selected from the sera of 
iniinunized individuals induced a strong and specific 
response in mice, rats, and rabbits (54). Recently, Kel- 
ler etai (56) selected from a 15-residue epitope library 
peptides that mimic the V3 loop of HIV gpl20. None 
of the 55 selected peptides were absolutely identical to 
any known HIV-1 variant V3 domain, yet sera from 
a positive rabbit immimized with one of the selected 
peptides (LLRTIMIGPGRLLHS) neutralized the HIV- 
1 variant SF-2 in vitro. In contrast to the above results 
Felici et aL (57) demonstrated that even if the selected 
phages were able to mimic the parental epitope for a 
mAb, they were imable to eUcit a detectable production 
of antibodies against the original antigen. This could 
be related to the nature of the peptides tested. It has 
been found that identical oligopeptides can exist in dif- 
ferent conformational forms (58). 

PHAGE LIBRARIES AS A TOOL FOR THE 
IDENTHi'ICATION OF T CELL EPITOPES 

Although autoantibodies may play an important role 
in a number of autoimmune disorders such as Graves 
disease and insulin-dependent diabetes, their role in 
many other autoimmune diseases is not clear. In a 
number of experimental models of autoimmunity, T 
cells, not autoantibodies, are able to transfer the dis- 
ease, indicating a. crucial role for T cells in autoimmu- 
nity (for review see 59). 

In contrast to B cells, T cells recognize peptide frag- 
ments presented on the antigen-presenting cells (APC) 
in the context of either class I or class II MHC mole- 
cules. Thus, peptides displayed by the phages cannot 
be directly used to stimulate T cells, except for peptides 
that are able mimic superantigen activities. To be 
available for APCs, the peptides must be detached from 
the phages or the solid phase. 

To overcome the above problems, a procedure for the 
detachment of peptides from their solid phase after 
their simultaneous synthesis by the automated Pep- 
scan method has been developed and used for the local- 
ization of T cell epitopes in known proteins (60, 61). 
Recently, Hickling et al (62) described a simple method 
of screening recombinant random proteins or peptides 
for their ability to stimulate T cell clones. By this 
method single microcultures of £. coli each expressing 
a random peptide sequence fused with protein A were 
cultured in 96- well plates. Following lysis of cells, each 
recombinant protein A was captured with immobilized 
immunoglobulin in tissue culture wells. T cells and an- 
tigen-presenting cells could then be added directly to 
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the wells and assayed for proUferation to each indivii^: v^^ : 
ual captured random peptide. 

In contrast to antibodies where it is possible to screeix 
milUons of specificities in one single experiment, the 
strategy for T cells is limited, since it requires the mobi- 
Uzation of each recombinant protein displayed by each 
clone. This may constitute a limiting factor for the ap- 
pUcation of the phage libraries. Given the greater ease 
by which B cell antigens can be identified, further stud- 
ies of antibody epitopes might allow identification of 
the elusive T cell epitopes responsible for T cell activa- 
tion. Alternatively, antibody epitopes could be used as 
a probe for the identification of antigen leads. In this 
regard, a nanopeptide selected from the phage library 
by screening RA sera was used as probe to identify the 
cereal GRPs which are ubiquitous proteins found at 
varying concentrations in the cell wall of grains and 
legumes. The examination of the amino acid sequence 
of the GRP 1.8 protein showed the presence of many 
glycine/alanine repeated sequences similar to EBNA-1 
and cytokeratin (Fig. 3). To investigate a potential T 
cell response to GRP 1.8 protein, a 15-amino-acid pep- 
tide, corresponding to positions 418-432 in GRP 1.8 
protein, was made and its ability to stimulate SF T 
cells from RA and JRA patients was investigated (22). 
Interestingly, a DRS"^ JRA patient with the pauciartic- 
ular form showed a strong SF T cell response to the 
peptide. Sequence analysis of the TcR genes used by 
the GRP peptide-specific T cell line, the T cell clones, 
and freshly isolated T cells from this JRA patient iden- 
tified the same TcR gene usage (V^5.5/D^l.l/Jy32.7). 
This emphasizes the monoclonality of these particular 
T cell subsets in the sjmovium of this particular JRA 
patient. This finding suggested that an autoantigen 
similar to the GRP peptide must be present in the sy- 
novium. According to the molecular mimicry hypothe- 
sis, a cross-reactive epitope between the host and for- 
eigner proteins may induce autoaggression by evoking 
autoreactive T and B cells. In this situation the SF 
T cell clone could be derived from the gut following 
stimulation with GRP or related proteins. Immunologi- 
cal hyperresponsiveness of the gut mucosa to luminal 
antigens may subsequently produce sufficient stimuli 
to perpetuate joint diseases. Our results may clarify 
the proposed link between gut involvement in inflam- 
matory joint diseases (63). 

SOME LIMITATIONS OF THE PHAGE 
DISPLAY LIBRARIES 

Biologic synthetic methods that involve the use of 
coUphage and E. coli are limited by the codon usage 
bias. The redundancy of the genetic code results in a 
variation in representation. Such variations may or 
may not be important, depending on the affinity and 
specificity of the binding interactions involved between 
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the ligands and their receptors. For instance, no pep- 
tide motifs could be selected from the phage epitope 
hbrary for six of seven known monoclonal antibodies 
against keratin 8 (64). A similar low success with mono- 
clonal antibodies has been reported by others (3, 65). 
Using antibodies from the cerebrospinal fluid of a mul- 
tiple sclerosis patient, we are unable to select a signifi- 
cant number of epitopes compared to the unselected 
nanopeptide phage library (Dybwad, unpublished re- 
sults). This failure may be due to the absence of the 
antibody epitopes in the libraries tested. This may also 
arise from difficulties in efficiently preparing and sub- 
sequently introducing the library into host strains. 
Some antibodies may recognize a conformation-depen- 
dent epitope, which the library cannot mimic. One solu- 
tion to these problems could be resolved by the use of 
constrained libraries, in which peptides are displayed 
as cyclic constraints (see Fig. 1). Data from many 
groups indicated that the use of constrained random 
peptides confers additional advantages by restricting 
the random peptides to fewer conformations (2, 18). 
Furthermore, cyclic conformational constraints can be 
used to increase the affinity of phage-bound peptides. 
In the future, phage display libraries of different de- 
signs may provide a richer source of ligand structures 
as well as increasing our chance of finding effective 
mimics of natural ligands. 

CONCLUSION 

The data discussed here suggest that random peptide 
libraries can be a useful tool for screening polyclonal 
sera for motifs binding to in vivo produced antibodies. 
Such motifs can be used either as single or in combina- 
tion to develop vaccine leads and diagnostic reagents. 
Moreover, with regard to autoimmunity, antibody mo- 
tifs can be used as probes for the identification of poten- 
tial T cell antigen leads. Thus, this novel strategy can 
give clues to the nature of the etiological agent that 
may be responsible for the induction and/or perpetua- 
tion of autoimmune diseases. 

/ 
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Lymphocytes from indents with HLA class Il-iinked lutoimmime diseases such as type I diabetes, systemic lupus 
erythematosus, rheumatoid arthritis, and Graves' have recently been shown to have a decrease in the expression of 
self-peptide-filled HLA class I antigens on the surface of peripheral lymphocytes. The human demyelinatiog diseases 
of multiple sclerosis in some cases are also associated with the presence of certain HLA class II genes, which may in 
turn be linked to genes in the class II region that control class I expression. Hence, we studied fresh peripheral blood 
mononuclear cells (PBMCs) and newly produced Epstein-Barr virus (EBVVtransformed cell lines from muldple sclero- 
sis patients for the class I defect. Unseparated PBMCs, as well as T cells, B cells, and macrophages from multiple 
sclerosis patients had a decrease in the amount of conformationally correct peptide-filled HLA class I molecules on 
the cell surface compared with matched controls detectable by flow cytometry. To demonstrate the independence of 
this defect from exogenous serum factors, newly produced EBVrtransformed cell lines from B cells of patients with 
multiple sclerosis maintained the defect. In addition, DR2 + /+, +/-, and EBV-transformed B ceils from these 
patients similarly demonstrated the self-antigen presentation defect. Analysis of a set of discordant multiple sclerosis 
twins revealed tlie class I defect was exclusively found on the affected twin lyn4>hocytes, suggesting a role of this . 
class I complex in disease expression. These data indicate that multiple sclerosis patients have abnormal presentation 
of self-antigens. This phenomenon, common to a number, of HLA-linked autoimmune disorders, may be associated 
with failed self-tolerance and improper T-cell education secondary to faulty HLA class I assembly controlled by HLA. 
class II linked genes. 

' Li F, Linan MJ, Stein MC, Faustman DL Reduced oipression of pepdde-loaded HLA class 1 

molecules oh multiple sclerosis lymphocytes. Ann Neurol i995;38:l47-154 



Muldple sclerosis (MS) is an autoimmune disease char- 
acterized by multifocal, recurrent, or progressive de- 
myelinadon of white matter of the brain, opdc nerve, 
and spinal cord. . As is the case for many autoimmune 
diseases, MS is more frequent in women, tends to be 
- inherited in some ^milies, and dispkys generic associa- 
tions with certain HLA (human lymphocyte antigen) 
.class II haplotypes. The at-risk alleles vary to some 
V degree between populations. HLA class II Dw2 and 
DR2 are found in approximately 63% of individuak 
with MS, compared with 15% of controls [1-31. 

Recent studies of other HLA class Il-linked autoimi- 
mune diseases, including insulin-dependent (type I) di- 
abetes, riieumatoid arthritis, systemic lupus erythema- 
tosus, as well as Sjogren's disease. Graves' disease, and 
Hashimoto's thyroiditis, have revealed a reduced den- 
sity of conformationally normal HLA class I molecules 
on the sur&ce of ant^gen-presentipg cells [4]. Confor- 
mationally normal HLA class I molecules refers to 



those class I molecules in which endogenous peptide 
fragments are present in the peptide groove and are 
thereby presented to CDS^ T cells. The genes diat 
V encode the transport proteins are required for self- 
pepdde presentation, are located in the HLA class II 
region of the genome; and are now commonly referred 
to as Tap-l and Tap-2 in h^er mammalian species. 
Tap-l and Tap^2 proteins are believed to form a dimer 
that transports small endogenous peptide fti^^gments 
from the cytoplasm to the lumen of the endoplasmic 
reticulum where they associate with class I molecules. 
Class I molecules widi bound peptide fragments are 
then rapidly transported to the cell surface, where they 
are stably expressed. A growing literature suggests that 
in addition to the tradi ^onal role of class I molecules 
presenting viral fragments for cytotoxic T-cell lysis, 
class I presentation of endogenous self-antiigens may be 
critical for education of T<ell tolerance to self [5-9]. 
Therefore, if this pathway represents one route to self- 
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tolerance, interruption might contribute to autoreactiv- 
ity as previously demonstrated for murine and hunoan 
models of type I diabetes, as well as in transigeneic 
mouse models with ablated class I expression [5, 6, 
10]. 

In type I diabetes there is a defect in the autologous 
mixed lymphoqrte reaction (AMIR), an in vitro immu- 
nological assay that represents the T-cell response to 
autobgous andgen presentation. This defea is charac- 
terized by normal CD4^ T-cell proliferation followed 
by &ulty CD8"*" T<ell proliferation to autologous anti- 
gen presentation [5]. The defective AMLR in fype I 
diabetes is secondary to an antigen-presendi^ cell de- 
fect, it does not represent a primary T-cell defect [5]. 
This antigen-presentii^ cell defect appears in part to 
result from a failure to present self-ant(gens in the 
groove of HLA class I molecules. In the NOD (non- 
obese diabetic) mouse model of type I diabetes, this 
defea is associated not only with low and unstable 
surface major histocompatibility complex (MHC) class 
I expression, a sign of pepdde-free class I molecules, 
but also widi a rare Tap-l allele diat results in lowered 
levels of Tap-l mRNA and protein expression. Fur- 
thermore, only humans and mice with interruption of 
class i progress to diabetes [5, 11]. 

Because of the similarity of MS to other autoim- 
mune diseases suggested by an old but almost uniform 
literature demonstraiit^ defective AMLR in lympho- 
cytes from individuals with MS, as well as the literature 
documendt^ HLA linkage to the class II region, we 
decided to extend our studies to MS [12-14]. We 
have dierefore investigated the extent of self-pepride- 
loaded HLA class I expression on both fresh peripheral 
blood mononuclear cells (PBMCs) and freshly pre- 
pared Epstein-Barr virus (EBV)rtransformed B cell 
lines from individuals with MS. 

Patients and Methods 
Patients 

P^ents with MS were identified from the outpadent Neurol- 
pgy Clinic of die Massachusetts General Hospital. Histories 
and repeated physical examinadons were consistent with the 
diagnosis of MS {15]. Addidonal padents were excluded if 
they had a history of other autoimmune diseases, such as 
rheumatoid arthritis, systemic lupus erythematosus, type I dia- 
betes. Graves', Hashimoto's thyroiditis, and Sjogren's dis- 
ease. Age^matched, healthy individuals served as controls. 
We established negadve family and personal history of auto- 
immune disease. All ftesh blood samples from padents and 
controls were obtained at a time of no exogenous drug ther- 
apy, and no padent had received steroids for 6 months. All 
blood drowii^ was performed with fidl consent; diis study 
was ^proved by die Human Studies Committee of the Mas- 
sachusetts General Hospital. A total of 52 MS padents and 
52 controls composed the study populadons. Not all patients 
were analyzed for both class I density on peripheral blood 
lymphocyte (PEL) and EBV cell lines. For neurotogic disease 



control padents we studied die HLA class I density on pa- 
tients with chronic subdural hematoma (n = 2). chronic hy- 
drocephalus (n = 3), epilepsy (n = 2), and progressive 
multifocal leukoencephalopathy(n = Dcompared with addi- 
tional controls (n = 8). 

Study Design 

Our previous smdies revealed some age-related but no sex 
or HLA class I allele effects on die density of HLA class I 
determinants on PBMCs from individuals 25 to 55 years old. 
A comparison of class I density by flow cytometry between 
control lymphocytes analyzed the same day revealed a less 
than 1 % difference in the percentage of HLA class I celk as 
well as a less than 2% difference in mean antigen density [4]. 
However, because flow cytometry demonstrates day-to-day 
variability, that is, an analysis day effect, padents were always 
studied the same day as a paired contn^l. An analysis of covari- 
ance with terms for a^, sex, group, HLA type, and analysis 
day revealed only a significant effea of analysis day (p = . 
0.0004). These results dictated the study design of paired 
samples. Data were analyzed with Student's paired t test and 
are reported as means ± SEM unless otherwise specified. 
The specimens w€»« analyzed on the flow cytometer in a 
blinded ^hion by the operator. 

FLOW CYTOMETRY ANALYSIS. As previously described, 
careful andbody dilutions, rapid phenotypii^ and cell count- 
ing are cridcal for the detection of differences in HLA class 
I density [16]. Cells must not be exposed to room tempera- 
ture for greater than 4 hours because the rapid turnover of 
empty HLA class ! proteins can be slowed, thiis resukmg in 
the disappearance of the defect. Culture conditions must also 
be carefully chosen to prevent inadvertendy fiUipg of the 
empty class I grooves widi seriim containix^g peptides [16]. 
PBMQ were immediately prepared from freshly drawn 
blood arid analyzed immediately; a portion of the blood 
also was used to pre[we EBV-transformed B cells. Ap- 
proximately 2 to 3 months after EBV tcansformatibn, the 
transformed cells were similarly analyzed with HLA class 
I-specific antibodies, with random pairir^ to newly trans- 
formed control EBV-transformed B-cell lines (n = 37 pairs). 
In iddition, 24 established EBV-transformed B<ell lines 
from MS patients also were similarly analyzed. 

A well-characterized peptide-dependent HLA class 1- 
specific antibody was used for the analysis of conformation- 
ally normal class I molecules on the surface of MS lympho- 
cytes. This antibody, W6/32 (American Type Culnire 
Collection, Rockville, MD), recognizes all HLA class I al- 
leles. As described previously, for PBMC analysis 100 |&1 of 
a fresh stock of W6/32 antibody solution of 1.6 Mg/ml were 
added to 10^ cells; alternatively 100 yl of a 0.8 )ig/ml solu- 
tion were added to 10^ EBV-transformed B cells [4]. This 
amount of antibody represents an excess over the 50% satu- 
ration point and minimizes low-aflinity binding to peptide- 
fiUed class I molecules. This concentration eliminates ir- 
relevant Fc receptor bindii^ when used at a higher 
concentration. The W6/32 antibody was generally used in 
combination with a secondary antibody, FTTC (fluorescein 
isodiiocyanate)-conjugated goat antibody ro mouse IgG (im- 
munoglobulin G) 2a (Tago, Burlington, CA), for indirect im- 
munofluorescence. In double-color analysis, W6/32 antibody 
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was directly conjugated to fluorescein isothiocyanate. Back- 
ground immunofluorescence was determined by an isotype- 
matched antibody. The value in all cases was less than 3%. 
Protocols for the class I phenotypinig methods are available 
from the authors. 

SUBSET ANALYSIS. All phenotypi^g was performed on a 
flow cytometer (Epics Elite, Coulter, New York, NY) with 
a minimum of 3,000 cells per sample and a sample flow rate 
of 330 cells per minute. Other control antibodies used in 
analysis included KC36 (T200), an antibody that reacts exclu- 
sively with lymphocytes as well as CD19 (B4), CDllb 
(MOD, and CD3, antibodies that detea B ceUs, macro* 
pl^ges-monocytes, and T cells, respectively (Coulter Corp, 
Hialeah, FL). No differences in epitope densities were ob- 
served for these cellular subsets on fresh PBMCs or EBV- 
transformed B ceUs. For EBV cells, the density of B4 served 
as a control marker. The fluorescence-activated cell sorter 
(FACS) gate for EBV cells is composed of two peaks on 
forward aogle analysis versus side scatter. The upper peak 
represents the healthier EBV cells and was the exclusive gate 
reported in this study. For PBL, small nonlymphocy te debris 
was excluded using a T200 antibody. In addition, Wable ceUs 
were identified by forward light scatter intensity and exclu- 
sions of propidium iodine, a label of dead cells. 

As mentioned above, all data were obtained horn a Coulter 
brand flow cytometer. This machine acquires data in log flu- 
orescence intensity. All flow unit numbers are presented in 
this ^hion throughout the text. 

PBMCs were also analyzed for the density of HLA class I 
mpl^ules.onT^ceUs, B cells, and macroph^Sr^mpnocytes. , 
by two-color inununofluorescence with direcdy conjugated 
W6/32, CD3, B4, and MOl. An open flow cytometry gate 
excluding only nonlymphocyte debris was used. For two- 
color analysis, FITC emission was separated from phycoer- 
ythrin (PE) emission using appropriate filters, differentially 
conjugated beads, as well as a control sample labeled with 
CD4 and CDS for the determination of the appropriate com- 
pensation. 

Results 
Fresh PBMCs 

Fresh PBMCs from MS patients (n - 17) were com- 
pared with chose from matched randoni controls (n = 
17) prepared on the same day. Hie conformational- 
dependent and-HLA class I antibody W6/32 revealed 
lowered density of self-peptide-loaded class I mole- 
cule in the unseparated lymphocytes of 15 of the 17 
padents reladve to controls (F^ 1, Table 1). The log 
mean fluorescence of pepdde-filled HLA class I on 
cells of padents with MS was 8.1 ± 0.93; the log mean 
fluorescence of pepdde-filled HLA class 1 on matched 
controls was 13.7 ± 1.2 (p = 0.002). A lymphocyte 
subset analysis of the density of class I molecules on 
the sur&ce of T cells, B cells, and macrophs^ges- 
monocytes similarly revealed that the defea was appar- 
ent on aU cellular subsets (see Fig 1). For instance, T 
cells from MS padents (n = 14) expressed a mean log 
fluorescence of conformadonally correa HLA class I 



of 8.3 ± 0.93; control cells (n = 14) expressed a mean 
of 10.9 ± l.Kp = 0.01). B cells from MS padents 
(n = 14) had a density of pepdde-filled HLA class I 
molecules of 23.1 ± 4.2; the mean value for B cells 
from controls (n = 14) was 44.6 ± 8.4 (p = 0.003). 
Similarly, the macroph^iges and monocytes from MS 
padents had less expression of pepdde-filled class I 
molecules. The log fluorescence density of conforma- 
donally correa HLA class I on macropt^ges of MS 
padents (n = 12) was 22.8 ± 3.7; the HLA class I 
density on control (n = 12) macrophages was 43.6 ± 
10.8 (p = 0.031). Figure 2 shows the flow histograms 
for HLA class I on total PBMCs and PBMC subsets 
from an MS padent and a simultaneously analyzed 
matched control. The shift in the amount of conforma- 
donally normal epitopes on the surface of cells on the 
axis (log fluorescence) is evident in all lymphocyte sub- 
populadons. A set of idendcal twins that had been dis- 
cordant for MS for 20 years also was smdied. In all 
three PBMC subpopuladons, the density of conforma- 
donally normal HLA class 1 molecules was reduced in 
the aflFeaed twitL The log mean fluorescence of HLA 
class I on MS twin T cells was 3 compared with 14 
and 12 for the unaffected twin and control, respec- 
dvely. For B cells, the log mean fluorescence was 36 
for the MS twin and 104 and 66 for the unafiected 
twin and control, respecdvely. The twins were simulta- 
neously analyzed on two separate occasions with simi- 
lajT resdts obtained both times. ' 

Fresh lymphocytes from MS padents were compared 
with controls for other cell surface markers. The den- 
sity of CD3 (a T<ell marker), CD19 (a B-cell mark<er), 
and CDllb (a macroplu^e-monocyte) cell-specific 
markers were not scatisdcally different between MS 
padents and controls. These data, therefore, ruled out 
a nonspecific problem with surface protein e3q)ression 
on MS cells causii^ lowered class I density. As an addi- 
donal control for these experiments, we compared the 
density of class I on lymphocytes and macroplu^s 
from 8 diverse neurologic disease padents widi 8 con- 
trols. Two of these padents had chronic subdural he- 
matomas, 3 padents had hydrocephalus, 3 padents had 
epilepsy, and 1 padent had progressive multifocal leu- 
koencephalopathy. For neurologic control padents, the 
density of class I for PBMC was 14.1 ± 0.9 and for 
controls was 13.9 ± 2.2 {p = 0.91). 

EBV-tramfarmeJ B-Cell Lines 

Because unknown serum factors miight modify HLA 
class I expression, in addidon to analyzing ftesh 
PBMCs, we also prepared 37 new EBV-transformed 
B-cell lines from MS padents and analyzed 24 estab- 
lished EBV cell lines from MS padents. The leg mean 
fluorescence of conformadonally normal HLA class I 
molecules on EBV cell lines derived from MS padents 
and from EBV cell lines from control individuals was 
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Pig / . Log mean fluorescence o/HLA class I on multipk sdemis 
(MS) lymphocyte subpopulation (gray boxes) compared with 
age-matched simuitaneously sttidied controls (black boxes). Pe- 
ripheral blood mononuclear cells frtm 13 of 17 multiple sdemis 
(MS) patients had depressed su rface HLA doss I; T cells from 
10 of 24 MS patients had depressed surface dais I; B cells from 
14 of 14 MS patients had depressed surface HLA class I; macro- 
phages from 10 of 12 MS patients had d^fressed surface HLA 
doss L 

5.7 ± 0.4 and 8.0 ± 0.4, respectively (n = 57, 
matched pairs) {p < 0.001). Both established EBV cell 
lines as well as old EBV cell lines demonstrated the 
decrease in confonnationally correa class I on the cell 
surface. Many EBV ceU lines from MS patients were 
studied on numerous occasions with different paired 
EBV cells from control subjects; the decrease in con- 
formadonally normal HLA class I molecules in the MS 
cell lines was consistent Measurement of the cell sur- 
fece density of CD19 on MS compared with control 



B Cells Macrophages 



Table L HLA Class I Density on the Surface ofPBMCs and 
PBMC Subsets from MS Patients and Controls 





HLA Class I Density 








(Log Mean Fluorescence) 






Cells 


MS Patients Controls 


n 


P 


AUPBMCs 


8.1 ± 0.95 13.7 ± L2 


17 


0.002 


T cells* 


8.3 ± 0.95 10.9 ± 1.1 


14 


0.01 


B cells' 


25.1 ± 4.2 44.6 ± 0.84 


14 


0.03 


Macrophages— 


22.8 ± 3.7 45.6 ± 10.8 


12 


0.031 


monocytes* 









"T cells were identified widi antibodies to CD4 and CDS; B cells 
were identified widi B cell-specific antibody Bl; mactophqges and 
monocytes were identified widi die specific antibody MOl. All val- 
ues represent a paired / test of patient compared with simultaneously 
9ged-matched control (standard deviation ± SE). 



PBMC = peripheral blood mononuclear cell; MS = multiple sclero- 
sis. 
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Psg 2, Flow histogram of HLA class I on total ^Kftpherai blood 
; monontickar cells (PBMCs) and PBMC subsets from d multiple 
sclerosis (MS) patient and a simultaneotisly arudyzid matched 
control, MS patient (solid) and a control individual (dashed). 
(A) All PBMCs; (B) T cells; (C) B cells; and (D) macropbam 



Table 2. Comparison of HLA Class I Density on Newly 
Prepared EBV -trans formed B Cells from MS Patients of 
Various DR Hapbtypes to HLA-matcJbed Paired Controls 



EBV cell lines revealed a similar density of the B<eU 
sur&ce protein (36.5 ±11 versus 34 ± 9,^ = 0.89). 

Many of the EB V-transfbrmed B-cell lines were ana- 
lyzed for esqiression of the common disease^sodated 
HLA DR2 allele. EBV transformed cells from DR2 
(n = 30), +/+ (n = 13), and +/- (n = 4) MS 
patients all demonstrated a similar decrease in HLA 
class I density compared with HLA-matched control 
cells (Table 2). 

Discussion 

Analysis of fresh PBMCs as well as newly prepared 
EBV-transfonned B-cell lines from MS patients re- 
vealed a reduced surface expression of conformation- 
ally normal HLA class I molecules. The result is similar 
to our previous data on cells from patients with other 
HLA class Il-linked autoimmune diseases, includipg 





HLA Class I Density 








(Log Mean Fluorescence) 






DR2 


. MS Patients 


Controb 


n 


P 


-/- 


6.3 ± 0.6 


8.2 ± 0.4 


30 


<0.01 


+/- 


4.1 ± 0.8 


7.3 ± 1.2 


13 


0.04 


+/+ 


7.1 ± 0.13 


10.4 ± 0.6 


4 


0.01 



EBV = Epstein-Barr vims; MS = multiple sderosis. 

Graves' disease, type I diabetes, systemic lupus erythe- 
matosus, and rheumatoid arthritis [4}. In addition, 
fresh blood samples from MS patients revealed diat 
the decrease in conformationally normal HLA class 1 
e3q>ression is s^parent in T cells, B cells, and macro- 
phages-monocytes. The decrease in HLA class I den- 
sity observed in both EBV-transformed B-ceU lines 
and fresh PBMCs suggests that exogenous influences, 
such as serum factors or drugs, are not responsible fr>r 
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the class I effect in MS padents. A single set of identical 
twins discordant for MS similarly also demonstrated 
discordance for decreased expression of class I as is the 
case for other autoimmune diseases and murine models 
with variable penetrance of the disease. These data sug- 
gest the criti^ nature of this defect for disease expres- 
sion. The recent study by Utz and colleges [17] sug- 
gests that changes in T-cell repertoire n^ght be 
associated with the MS phenotype in discordant twins. 
Such a result could theoretically arise ftom differences 
in HLA class I presentation of self-peptides, which may 
shape both the CDS repertoire as well as a subset of 
CD4 cells [18]. In murine models, it is now established 
diat self-pepddes in die groove of MHC class 1 mole- 
cules can selea the repertoire of T cells in the thymus 
as well as the Tap alleles determiniog the pepdde rep- 
ertoire [7, 8, 19]. 

Familial ^ggregadon in MS, higher concordance be- 
tween monozygotic than dizygotic twins, and genetic 
associations widi the HLA complex all attest to the 
stroi^ genetic influence on the penetrance of MS. In 
whites, DR2, a HLA class II gene, appears to be linked 
to MS [20]. In other ethnic populations, for example, 
Arabs [21], Indians [22], Israelis [23], and Japanese 
[24], DR2 may not play a dominant role. In Italians, 
DR4 and DR5 are more strot^y associated with the 
disease [25]. In Scotland, MS is most strongly associ- 
ated widi DQwl [26]. For diis study, die penetrance 
of the decreased, density of conformationally correa 
peptide-fiUed class I was independent of the DR2 asso- 
ciation. 

One of the most fescinaOAg unsolved issues in auto- 
immune research relates to the lack of complete dis- 
ease penetrance between genetically identical twins 
and the more frequent occurrence of autoimmunity in 
females over males. This issue is particulariy relevant 
to the present publication because the. class I defea is 
differentially expressed between discordant MS twins. 
Does diis mean the class I defea is not genetically 
controlled? Although twins are genetically identical, 
many genes are differentially expressed between twins; 
this is especially true for the immune system. Both 
immunoglobulin gene rearrangement and TCR gene 
rearrangement represent immunologic diversity gener- 
ated after conception. This results in divergent immune 
systems between twins. This was observed by Utz in 
die T<ell repertoires between discordant MS twins 
[17]. Furthermore, many genes are allelically ex- 
pressed; which allele is expressed is determined ran- 
domly. Therefore, genetically identical twins can have 
divergent cellular phenotypes determined by disease- 
causipg genes whose expression is diveigendy ex- 
pressed. For example, the variable autoimmune diabe- 
tes penetrance in NOD mice, i.e., 85 to 90% of 
females and 15% males, is controlled, in part, by a 
sluffiish Tap-l genotype with sex hormones as well as 



diverse nonspecific inununostimulatory environmental 
events altering die generic defea by up-regulatipg die 
inefficient transcription [27]. Simikr events may occur 
in die human, dius helpipg to explain die incomplete 
penetrance of MS expression between genetically iden- 
tical twins without eliminating genetic mechanisms. 

Genetic analysis of die HLA region in order to iden- 
tify die exact genetic defect in MS is difficult because 
of linkage disequilibrium For example, coi^genital ad- 
renal hyperplasia shows a highly statistically significant 
linkage to die HLA class I aUele B47 [28, 29]. How- 
ever, functional data foiled to show a defea in B ./ 
itself but demonstrated instead a deletion in die linked 
21-steroid hydroxylase gene. The significant associa- 
tion with B47 is the result of linkage disequilibrium 
between the 21-steroid hydroxylase and B47 genes, 
which are separated by over 1,000 kb in die HLA 
region. Recent genetic evidence has revealed two 
genes in die HLA class II region diat influence class I 
cell surface density and, more significandy, self-antigen 
presentation. Because of the instability of HLA class 
I molecules that are not associated with self-peptide, 
defects in diese genes are easily detected as a decrease 
in surface HLA class I expression on lymphocytes with 
conformationally specific class I antibodies. An inspec- 
tion of die HLA map reveals that diese genes referred 
to as Tap-1 and Tap-l are only 50 kb to die left of 
HLA class II gene DQ and 200 kb to die right of die 
HLA classr II getfr DP. Whedier Ttf^2 is linked io the 
DQ gene in die class II region remains controversial 
[30.31]. 

The proteins encoded by Tap-l and Tath2 are be- 
lieved to fotm an obligatory heterodimer that pro- 
motes the delivery of self-peptide fragments into the 
endoplasmic reticulum, a process that is necessary for 
the correa assembly of HLA class I molecules. Muta^ 
tions in either of these two genes may impair HLA 
class I assembly and will result in accumuhtion of HLA 
class I molecules on the endoplasmic reticulum, inter- 
ruption of self-peptide presentation, and decreased 
density of conformationally normal HLA class I mole- 
cules on die cell surface [16, 32-37]. Furdiermore, 
disruption of the presentation of self-peptides by HLA 
class I may result in faulty T<ell recognition of self. 

To date, three smdies have looked for die ability of 
known Tap-1 or Tap-l polymorphisms to statistically 
confer MS risk. Statistically significant associations 
have not been found [38-40]. Aldiough diese data 
may appear to diminish die possible role of Tap genes 
in disease pathogenesis, a number of important reasons 
could exist for these findings. First, many new poly- 
morphisms within Tap-1 and Tap-l are beipg reported 
and these new polymorphisms could confer higher dis- 
ease risk. Second, all linked mutations or polymor- 
phisms need to be assessed in the context of larger 
numbers of HLA-matched controls. Since the Tap- 
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determined repertoire selection of self-peptides is rele- 
vant in the context of the specific class I alleles, ex- 
tended HLA haplotype comparisons of patients with 
controls is also important Thi>d, MS risk could be 
caused by the wrong set of no mal class I processing 
genes transporting self-pepddes that improperly fit al- 
lele-specific class I grooves. We refer to this process 
as the class I "cassette." This improper allele-specific 
assembly would be predicted to abnormally selea self- 
reactive T cells. This implies that all seven HLA-linked 
class I processioig genes are important and these diverse 
genes could represent normal alleles in the wrong con- 
text. Statistical studies attempting to find the disease^ 
risk gene would represent the average of multiple 
genes and localize the defect in the middle of the ge- 
netic region. Fourth, the observed class I assembly de- 
fects of MS could be controlled by unidentified class I 
processing genes that are non-HLA linked. 

One important question that remains unanswered is 
why does one individual suffer from MS and another 
from rheumatoid arthritis if the same self-pepdde de- 
livery is interrupted in both instances. Future genetic 
analysis of Tap-l and Tap-2 will reveal if specific muta- 
tions in these genes determine selective mutant self- 
pepdde repertoires and therefore specific autoimmune 
diseases. Altemadvely, non-MHC-linked genes may 
determine tacget specificity. In addidon, important en- 
vironmental effects on the penetrance of a disease- 
associated genotype have been clearly demohsolated in 
mouse models of autoimmime encephalomyelids and 
diabetes [27, 41]. The mechanism fiar the variable pen- 
etrance of diabetes in the NOD mouse appears to be 
secondary to the effects of many nonspecific stiniuli 
such as dirty mouse rooms, complete Freund's adju- 
vant, viral infecdons, baaerial infecdon, and so on. 
Many of these faaors can prevent diabetes by nonspe- 
dfically up-regulating the slv^ggish Tap-1 allele produc- 
don of mRNA, thus restoring class I presentadon of 
self and properly educatii^ CDS'*' T cells to self [27]. 
Therefore, there may be similar immunolotgic mecha- 
nisms operating in autoimmune humans to modify the 
penetrance of a genedcally controlled disease. These 
issues will be the focus of future studies. 
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Autoantibodies from patients with systemic lupus 
erythematosus bind a shared sequence of SmD 
and Epstein-Barr virus-encoded nuclear antigen 
EBNA I 



SmD is one of the small nuclear ribonucleoproteins frequently targeted by 
autoantibodies in systemic lupus erythematosus. We isolated and characterized 
the antibodies present in lupus sera that are specific for the C-terminal region of 
SmD (sequence 95-119). This region is highly homologous to sequence 35-58 of 
the EBNA I antigen, one of the nuclear antigens induced by infection with 
Epstein-Barr virus. Antibodies affinity purified over a peptide 95-119 column 
were able to recognize this sequence in the context of the whole SmD molecule, 
as they reacted with blotfed recombinant SmD. Anti-SmD 95-119 antibodies 
bound also the EBNA I 35-58 peptide and detected the EBNA I molecule in a 
total cell extract from Epstein-Barr virus-infected lines. A population of 
anti-SmD antibodies is, therefore, able to bind an epitope shared by the 
autoantigen and the viral antigen EBNA I. To investigate the involvement of this 
shared epitope in the generation of anti-SmD antibodies, we immunized mice 
with the EBNA I 35-58 peptide. Sera from immunized animals displayed the 
same pattern of reactivity of spontaneously produced anti-SmD antibodies. They 
reacted in fact with the EBNA peptide as well as with SmD 95-119 and 
recombinant SmD. These data suggest that molecular mimicry may play a role in 
the induction of anti-SmD autoantibodies. 



1 Introduction 

Antibodies against small nuclear ribonucleoproteins 
(snRNP) are frequently produced in systemic autoimmune 
diseases. Some of these autoantibodies, such as those 
reactive with proteins associated with UlRNA, are present 
in a variety of clinical conditions; others, such as the 
antibodies against snRNP core proteins (or anti-Sm), are 
serological markers of a specific disease, namely systemic 
lupus erythematosus (SLE) [1]. In SLE, antibodies against 
core proteins recognize mainly the polypeptides B, Bl and 
D [2], Anti-Sm antibodies are present in 20% of lupus 
patients, irrespective of their ethnic background and in a 
very similar proportion of MRL-Ipr/lpr mice, one of the 
lupus-prone mouse strains. The random occurrence of 
anti-Sm antibodies in genetically different individuals or in 
inbred populations has raised severaf questions about the 
mechanisms involved in their production. 

The factors triggering the formation of these autoantibod- 
ies are in fact still unknown or debated. Proposed mecha- 
nisms include: polyclonal expansion of B cells [3]; cross- 
reactions with autoantigens of antibodies induced by 
exogenous antigens [4]; direct triggering of self reactive 
B cells by autoantigens [5]. 
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An effective approach to dissect these mechanisms is to 
characterize precisely the targets of autoantibodies at the 
molecular level. The availability of cloned genes encoding 
several snRNP proteins has allowed the mapping of the 
antigenic regions on these proteins. Subclones correspond- 
ing to different segments of the gene are expressed in 
bacteria and the recombinant proteins are tested with 
autoimmune sera. An alternative approach is the use of 
synthetic peptides; a more accurate mapping of antigenic 
regions can be obtained by this approach, but only linear 
epitopes can be mapped. 

Among the snRNP proteins, the D polypeptide (SmD) 
raised our interest because of its strong sequence homology 
to a viral antigen, EBNA I, induced in the nuclei of cells 
infected with Epstein-Barr virus (EBV) [6]. The C-terminal 
region of SmD (homologous to the 35-58 sequence of 
EBNA I) contains a ninefold Gly-Arg repeat that is 
responsible for a high hydrophilicity and expression on the 
surface of the molecule. The antigenicity of this sequence 
was, therefore, predicted by the authors who cloned and 
sequenced the SmD protein [6]. 

We found that the C-termina! portion of SmD is indeed 
recognized by autoantibodies present in SLE sera. More- 
over, we demonstrated that antibodies against the C- 
terminal peptide react with the homologous EBNA I 
peptide and with the EBNA I protein and, conversely, that 
antibodies elicited by immunization with the EBNA I 
peptide cross-react with SmD. 

2 Materials and methods 
2,1 Sera 

Sera were obtained from patients attending the Clinical 
Immunology Unit of the University of Pisa and from blood 
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donors. Diagnosis of SLE, rheumatoid arthritis, Sjogren's 
syndrome and progressive systemic sclerosis was done 
according to well-established criteria. Sera from patients 
with acute infectious mononucleosis were a kind gift of Dr. 
C Garzelli (Department of Biomedicine, University of 
Pisa). 



2.2 Immunization of mice 

The peptide EBNA I 35-58 was coupled to KLH by 5 mM 
glutaraldehyde and extensively dialyzed. Five BALB/c 
mice were immunized at the base of the tail with 25 jig of 
peptide conjugated to 50 \ig of KLH [7] and emulsified in 
Freund's complete adjuvant. The animals were boosted at 
15 day intervals with the same amount in incomplete 
Freund's adjuvant. Blood samples were obtained from 
immunized animals 10 days after the second boost. Control 
sera were obtained from mice immunized with synthetic 
peptides, from P. berghei circumsporozoite protein [8]. 



2.3 Peptide synthesis 

Synthetic peptides were obtained by solid-phase synthesis 
using F-MOC-protected amino acids according to the 
method of Merrifield as modified by Atherton et al. [9]. The 
peptides were purified by gel filtration on a Sephadex G-25 
column. 

GR, GK and peptides contained in the N-terminal portion 
of SmD were synthesized as linear peptides. GR and GK 
contain nine repeats of Gly-Arg and Gly-Lys, respectively; 
N-terminal peptides of SmD correspond to sequences 1-19, 
15-34 and 30-49. The C-terminal SmD sequence 95-119 
and EBNA I 35-58 (see Fig. 1) have been synthesized as 
multiple antigen peptides (MAP). A Lys scaffold with two 
terminal Lys was constructed according toTam [10] and on 
the four amino groups of the two terminal Lys four identical 
sequences were linearly synthesized. An MAP bearing the 
tetanus toxoid sequence 947-967 [11] was used as a control 
for direct binding and inhibition assays. 



2,4 Detection of anti-peptide antibodies 

Peptides were used at a concentration of 10 ^xg/ml in PBS to 
coat polystyrene plates (Nunc, Denmark). After blocking 
for 1 h with 3% BSA in PBS, sera diluted 1/500 in diluting 
buffer (1% BSA 0.05% Tween in PBS) were added to the 
plates and incubated for 4 h at room temperature. The 
plates were washed once with 1% Tween in PBS and twice 
with PBS. An alkaline phosphatase-conjugated F(ab')2 
fragment of goat anti-human IgG (Sigma Chemical Co., 
St. Louis, MO) in diluting buffer was then added and 
incubated overnight at A^C After washing (once with 
PBS-Tween and twice with PBS), the bound enzymic 
activity was measured with p-nitrophenyl-phosphate. In 
the case of mouse serum, the bound antibodies were 
detected by alkaline phosphatase-<?onjugated goat anti- 
mouse IgG, IgA, IgM (G-A-M) antibodies (Sigma). 

For the competitive assays, 5% dry non-fat milk in PBS was 
used in the blocking step and PBS 2.5% milk, 0.05% Tween 
was used as diluting buffer for the sera and labeled 
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antibodies. The amount of serum that gave 50% of the 
maximum binding was preincubated with different 
amounts of synthetic peptides or buffer for 1 h at 37* and 
then transferred to peptide-coated plates. The assay was 
then carried on as the direct binding assay. 



2.5 Isolation of anti-peptide antibodies 

SmD 95-119, SmD 30-49 and EBNA 1 35-58 were coupled 
to CNBr-activated Sepharose following the manufacturers' 
instructions. Briefly, the peptides dissolved in coupling 
buffer (0.1 M NaHCOs, pH 8.3) were used at 2 mg/ml of 
gel. After an incubation at 4° the residual active groups 
were blocked by 1 M ethanolamine.The sera were absorbed 
on peptide-coupled Sepharose; the column was washed 
with PBS until no proteins were detected in the flow 
through by absorbance at 280 nm. The bound antibodies 
were eluted by 0.1' M Gly pH 2.8 and dialyzed against PBS. 

The immunoglobulin content of eluates and flow throughs 
from peptide columns was measured by ELISA. Briefly, 
polystyrene plates were coated with anti-human IgG 
antibodies (Sigma) diluted 1/1000, blocked with BSA and 
incubated with eluates and flow throughs at various 
dilutions. The bound IgG antibodies were detected by 
addition of alkaline phosphatase-conjugated goat anti- 
human IgG. 

The eluates from SmD 30-49 column never showed any 
specific peptide-binding activity. Similarly, the eluate of a 
rheumatoid arthritis serum absorbed on the SmD 95-119 
column and the eluate of pooled pre-immune BALB/c 
serum from the EBNA I 35-58 column did not show any 
specific peptide-binding activity 



2.6 Anti SmD activity 

The recombinant SmD molecule, a kind gift of Dr. Pruuijn 
and Dr.Van Venrooji, is expressed in the Studier expression 
system [12] as a fusion protein with 40 added amino acids, 
encoded by vector and linker. After the induction of 
expression, bacteria were lysed by repeated freezing- 
thawing and sonication.The lysate was centrifuged and the 
pellet containing the SmD protein was dissolved in 8 M 
urea, 25 mM Tris, pH 7.5. Bacteria transfected with lyso- 
zyme were used as negative control. 

The bacterial products were separated on a 10-20% 
acrylamide gradient gel under reducing conditions and 
transferred to nitrocellulose. The filters were saturated by 
1 h incubation in 0.05 M Tris, 0.15 M NaCl and 5% dry 
non-fat milk. The same buffer was used for antibody 
dilutions and washings. Purified antibodies at 10 jig/ml or 
sera diluted 1/500 were incubated on filters for 4 h at room 
temperature. After repeated washings, alkaline phospha- 
tase-conjugated goat anti-human IgG (Sigma) or goat 
anti-mouse G-A-M were added and the filters were incu- 
bated overnight at 4**. The immunoactive bands were 
visualized using 5-bromo-4-chloro-indoxyl-phosphate and 
nitro blue tetrazoHum as substrate [13]. 

For competitive ELISA assays, recombinant SmD was used 
at a concentration of 1 ^ig/ml to coat polystyrene plates. 
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2.7 Anti-EBNA I activity 

Paired EBV-negadve (BL41) and EBV-converted (E95B 
BL41 and E95 C BL41) Burkitt lymphoma lines were 
established as previously described [14]. The DG75 EBV- 
negative Burkitt lymphoma line and the EBNA 2- 
iransfected DG75 FA were described elsewhere [15, 16]. 

Total cell extracts were prepared by sonication of 10^ cells in 
1 ml of sample buffer (Tris buffer containing 5% SDS and 
5% 2-mercaptoethanol); they were boiled for 5 min, run on 
a 7.5% acrylamide gel (10^/lane) and blotted to nitrocellu- 
lose. The filters were probed with affinity-purified anti- 
SmD antibodies and with reference anti-EBNA I antibod- 
ies (affinity-purified human antibodies specific for the 
EBNA I Gly-Ala repeat) [16, 17]. 



3 Results 



3.1 Sera reactivity with the C-terminal SmD peptide 

To test the reactivity of the C-terminal SmD sequence, a 
branched peptide that bears four linear 95-119 sequences 
was synthesized (Fig. l).The synthetic peptide was used as 
antigen on the solid phase to measure serum antibodies in 
an ELISA assay (Fig. 2). Antibodies against the 95-119 
peptide were present almost exclusively in SLE (in approx- 
imately 30% of the sera) and in a small percentage of 
infectious mononucleosis sera. Positive results (i.e. higher 
than the mean plus two standard deviations of 30 normal 
sera) were in fact obtained in 23/63 SLE, 3/23 infectious 
mononucleosis, 1/23 rheumatoid arthritis, 0/6 progressive 
systemic sclerosis and 0/7 Sjogren's syndrome sera. 

As shown in Fig. 3 (a and b), the specificity of the reaction 
is confirmed by liquid-phase inhibition: preincubation of 
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Figure 2, Binding of sera from patients with systemic lupus 
erythematosus (SLE), rheumatoid arthritis (RA), progressive 
systemic sclerosis (PSS), infectious mononucleosis (IM) and 
Sjogren' syndrome (SS) to SmD 95-119 peptide. Sera at 1/500 
dilution were incubated on peptide-coated plates and bound IgG 
antibodies detected by an alkaline phosphatase-iabeled anti- 
human IgG antibodies. Results are expressed as individual sera 
absorbance at 405 nm 30 min after substrate addition. 



sera with the peptide inhibits up to 60% of binding to the 
solid-phase peptide. Preincubation of serum 2 with the 
95-119 peptide inhibited also the binding to solid-phase 
recombinant SmD (Fig. 3 c). However, only in a few sera 
(20% of the sera containing antibodies to the 95-119 
peptide) the majority of serum anti-SmD antibodies reacts, 
as in this case, with a linear epitope located in the 95-119 
sequence. In most sera, only 20-30% of anti-SmD reactiv- 
ity is inhibited by the C-terminal peptide. The anti-SmD 
reactivity not inhibited by the C-terminal peptide can be 
explained by: (a) binding to linear sequences which we did 
not synthesize; (b) binding to discontinuous epitopes, /.e. 
sequences of amino acids not contiguous in the primary 
structure but brought together by the folding of the 
molecule; (c) binding to conformational epitopes of the 
protein that cannot be mimicked by synthetic peptides; and 
(d) binding to novel sequences present only in the recom- 
binant and not in the native protein (that is, encoded by 
bacterial genes). 
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Figure 1. Structure of the multiple antigen peptide SmD 95-119 
and EBNA I 35-58. Identical amino acids are enclosed in boxes; 
conservative changes are indicated by asterisks. 



3.2 Specificity of anti-SmD 95-119 antibodies 

Anti-peptide antibodies specific for the 95-119 SmD 
sequence can be purified from SLE sera by affinity 
chromatography on peptide-coupled Sepharose. Eluted 
antibodies are able to recognize the sequence on the SmD 
protein, since on the blotted lysate of transfected bacteria 
they detect a band of 18 kDa (Fig. 4), corresponding to the 
molecular weight of the recombinant SmD. The specificity 
of eluted antibodies from 5 lupus sera was analyzed by an 
ELISA using different peptides. Anti-peptide antibodies 
recognize the 95-119 sequence and bind also to the 
EBNA I 35-58 peptide and to a gly-arg peptide. On the 
contrary, low binding was detected with a peptide of similar 
charge (Gly-Lys), indicating that a specific sequence and/or 
a certain spatial distribution of charges are recognized by 
the anti-95-119 antibodies (Fig. 5). No binding was 
detected to a control MAP corresponding to sequence 
947-967 of tetanus toxoid (data not shown). 
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Figure 3, Inhibition of lupus sera binding to SmD 95-119 peptide. 
Sera were preincubated with different amounts of SmD 95-119, 
control SmD peptides, GR. GK,TT 947-967 for 1 h at 37*'C and 
then transferred to 95-119-coated plates [serum 1(a); serum 2(b)] 
or recombinant SmD-coated plate (c). Bound antibodies were 
detected as in the direct binding assay. Results are expressed as 
percent inhibition: 100-absorbance (serum + peptide)/absorbance 
(serum + buffer). 
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Figure 4. Binding of affinity-purified anti-SmD 95-119 antibodies 
to recombinant SmD protein. Lysates from bacteria transfected 
with SmD (A) and from control bacteria (B) were run on a 10-20% 
SDS gel under reducing conditions and transferred to nitrocellu- 
lose. The filters were probed with whole sera (S) or sera eluaies 
from a SmD 95-119 column (E). Three different lupus sera and the 
corresponding eluates were tested (1, 2, 3). Lupus sera and 
anti-peptide antibodies detect a band of 18 kDa, that corresponds 
to the molecular mass of the recombinant SmD molecule; no 
reactivity is detected with control bacteria that do not express 
SmD. 

The reactivity with the Gly-Arg peptide shows that at least 
part of the antibodies reacting with both the SmD and the 
EBNA I peptide recognize the Gly-Arg stretch shared by 
the two sequences. Peptide binding activity is greatly 
reduced in serum flow through from the peptide column 
(Fig. 5). 
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Figure 5. Binding of affinity purified anti-SmD 95-119 antibodies 
to SmD 95-119, EBNA I 35-58, Gly-Arg and Gly-Lys peptides. 
Senim 1 eluate (continuous line) and flow through (dotted line) 
from a SmD 95-119 column were incubated at various concentra- 
tions on peptide-coated plates. The bound antibodies were 
detected by alkaline phosphatase-labeled anti-human IgG. Results 
are expressed as absorbance at 405 nm 30 min after substrate 
addition. 
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Further evidence for the cross-reactivity of anti-SmD 
95-119 antibodies with EBNA I emerged from our analysis 
of the EBV-infected Burkitt lymphoma lines. As shown in 
Fig. 6, a band of 76 kDa was detected by anti-SmD and by 
anti-EBNAI antibodies on the total cell extract from 
EBNA I-expressing lines. No reactivity was observed with 
the EBNA I-negative lines. 
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Figured. Binding of anti-SmD 95-119 antibodies to EBNA I. 
Total cell lysate from EBNA I-negative and EBNA I-expressing 
lines were separated on a 7.5% acrylamide gel under reducing 
conditions and transferred to nitrocellulose. Nitrocellulose strips 
were probed with reference anti-EBN A I antibodies (1) or affinity- 
purified anti-SmD 95-119 antibodies (2, 3, 4). The cell lines used 
were: (A) DG75; (B) DG75FA; (C) BL41; (D) E95B BL41; (E) 
E95C BL41. Anti-SmD 95-119 antibodies detect a 76-kDa band 
present only in EBNA 1-expressing lines (lanes D and E). 
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3.3 Induction of anti-SmD antibodies 

The results obtained show that antibodies to the C-terminal 
portion of the SmD molecule present in SLE sera cross- 
react with the EBNA I molecule. In the immune response 
to the EBNA I antigen, anti-SmD antibodies may be 
generated. To verify this hypothesis, we immunized BALB/c 
mice with the EBNA I 35-58 peptide in adjuvant. All 
immunized animals produced antibodies reactive with the 
immunizing peptide, with the SmD 95-119 sequence and 
with the Gly-Arg peptide. Anti-EBN A 1 35-58 antibodies 
were purified by affinity chromatography on EBNA I 
35-58 coupled to Sepharose. Their binding specificities are 
shown in Fig. 7. Moreover, the sera and the anti-EBNA I 
35-58 antibodies recognized in immunoblot the recombi- 
nant' SmD protein (Fig. 8). 

Immunization with the EBNA I sequence, therefore, 
induced antibodies which cross-react with the SmD pro- 
tein. 



4 Discussion 

The data presented here show that SLE sera contain 
antibodies to the C-terminal portion of the SmD molecule, 
which is highly homologous to the 35-58 sequence of the 
EBNA I antigen. The biological relevance of this homology 
is outlined by (a) the cross-reactivity of anti-SmD 95-119 
antibodies with the 35-58 EBNA I sequence and with the 
whole EBNA I molecule, and (b) the cross-reactivity of 
immunization-induced anti-35-58 EBNA I peptide anti- 
sera with both the C-terminal SmD peptide and the 
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Figure 7. Binding of immunization-induced anti-EBNA I antibod- 
ies to synthetic peptides EBNA I 35-58, SmD 95-119, Gly-Arg 
and Gly-Lys. Anti-EBNA I 35-58 antibodies were purified by 
affinity chromatography on EBNA I '35-58 column. The eluate 
(continuous line) and the flow through (dotted line) of the column 
were incubated at various dilutions on peptide-coated plates. The 
bound antibodies were detected by addition of alkaline-phospha- 
tase labeled goat anti-mouse G-A-M antibodies. Results are 
expressed as absorbance at 405 nm 30 min after substrate addi- 
tion. 
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Figures. Binding of immunization-induced anti-EBNA lantibod- 
ies to recombinant SmD. Lysates from bacteria transfected with 
SmD were run on a 10-20% SDS gel under reducing conditions and 
transferred to nitrocellulose. The filters were probed with control 
serum from a BALB/c mouse immunized with a P. berghei peptide 
(lane 1), with the serum from a mouse immunized with EBNA I 
35-58 (lane 2), with the flow through of immune serum from the 
EBNA I column (lane 3) and with affmity-purified anti-EBNA I 
antibodies (lane 4). The upper band corresponds to the molecular 
weight of the recombinant antigen. 
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Abstract 

The antibody lesponses to £p$tein*Barr nuclear antigen (EBNA) polypeptides were analyzed by immunoblotting in 93 patients 
with autoimmune connective tissue diseases (ACTD) in comparisOD with SO clinically healthy control subjects. Antibody frequen* 
cies to EBNA-2, A and were significantly higher in patients than in controls- Among the patients with ACTD* those with system- 
ic lupus erythematosus (SLE) showed a si^iifkant increase in the frequency of anti*£6NA-3 antibodies. Utese results confinn the 
particularity of the antibody responses against £psiein*Barr virus (EBV) polypeptides in patients with ACTD; ihcy could cither 
reflect basic immune disturbances or suggest a participation of EBV in the pathogenesis of the disease. 

Keywords: Epstem-Barr virus; EBNA; Antibodies; Connective tissue diseases 



1* IntrodnctioD 

Ep$tein*BaxT virxis (EBV) is a human herpesvirus that 
subdinicaDy infects the majority of individuals. It 
represents the causative agent of infectious mononu- 
cieosis (IM) and is associated with endemic Burkitt's 
lymphoma (BLX nasopharyngeal carcinoma (NPQ and 
other lymphomas in immunodeficiency states. The poly- 
peptide components^ as well as the coding regions of 
most of the EBV antigens originally defined by im* 
munofluoresccnce, are now well characterized (I}. One 
of these antigens, the Epstein^Barr nuclear antigen 
(EBNA) is composed of six polypeptides, namely 
EBNA-1, EBNA-2, EBNA-3, EBNAA EBNA-5, and 
EBNA-6; alternative designations for EBNA-3» EBNA- 
4. EBNA-5, and EBNA^ are EBNA-3A, EBNA-3B, 
EBNA-LP, and EBNA-SC. respectively 12J. 

The relationship between EBV infection and auto- 
immune connective tissue diseases (ACTD) has at- 
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tracted a great deal of interest. ACTD are characterized 
by the production of autoantibodies reacting with iniia- 
oellular proteins and nucleic adds and are associated 
with anomalies in T cell functions (3]. In previous im- 
munoblotting studies [4,5], we observed that, compared 
with clinically healthy subjects, patients with ACTD 
showed significant differences in the prevalence of anii* 
bodies to several EBV^arly or -structural polypeptides. 
In the present study, we examined the antibody response 
against EBNA polypeptides in sera from patients with 
ACTD. 

2. Patients and methods 

Sera were obtained from 93 patients. Thirty-three of 
them had systemic lupus eiythematosus (SLE), 21 had 
mixed connective tissue disease (MCTD), 21 had 
Sjogren's syndrome (SS); the 18 remaining patients who 
could not be classified into one of the above diseases 
were therefore referred as unclassified connective tissue 
diseases (UCTD). Patients with SLE and SS met the 
American Rheumatism Association criteria I6«7]. Pa* 
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Cients with MCTD had typical clinical features such as 
Raynaud's phenomenon, polyarchralgia^ polyanhritis, 
swoUen hands, myositis, and occasionally systemic fea- 
tures as well as high titers of anti-ribonucleai protein 
(RNP) antibodies confinned by the Ouchterlony im- 
munodiffusion technique. Anti^RNP, anti-Sm, anti* 
SSB/La and anti-SSA/Ro spedficities, which are con- 
sidered as biological markers of MCTD, SLE, and SS, 
respectively (8], were determined by immunoblotting 
and immunopredpitation of small nuclear RNAs [9]. 
Fifty sera from clinically healthy blood donors served as 
controls. Four sera previously characterized by im- 
munofluorescence on EBNA-1, *2 and -J-transfected 
cells were used as reference sera: three of them were pos- 
itive for aati-EBNA antibodies; the other one was anti- 
EBNA negative. Sera were tested by inununobiotting at 
a 1:100 dilution. 

The EBV-producer B9S-8 and P3HR1, as well as the 
EBV-non'^producer Raji» Daudi, and Namalwa cell 
lines, were used as antigen for identification of the 
EBNA polypeptides; the EBV genome-negative BJAB 
cell line served as negative control. Cell culture* cell 
Iysis» electrophoresis and immimoblotting were per- 
formed as previously described [4,5]. Antibodies in seia 
from patienu and controls were detected by using Raji 
and B95-8 cell extracts as antigen. Frequencies of anti- 
EBNA antibodies in the different groups of patients 
were compared by using the x' test. 

3. Results 

Reference sera allowed the identification of five 
polypeptides with molecular masses of 70-80 kDa, 92 
kDa, 140-145 kDa. 150 kDa, and 160^165 kDa (Fig, 1); 
in aocordaikce with previously reported results, these 
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Fig, 1. IticAdficatkm of The EBNA polypeptides, (a) Anti-EBNA- 
ne^trve senun: I. B9$-8Gd3s: 2, P3HRI cdls; 3. Raji cells; 4, BJAB 
cells, (b) Anti-EBNA'l-poshivc serxan: I, P3HRI cells; 2. Raji ccDs; 
3, Namalws cdls; 4, BJAB cells, (c) Anti EBNA-I + ^po5idve serum: 
I, P3HRI ceils: 2. Raj cells; 3. Daudi cells; 4. BJAB cdls. (d) Anci- 
EBNAO ♦ 4 + ^podtive aenim; 1. BJaB cdJs; 2. B95-8 cdls; 3, R^'i 
ceUs. 



polypeptides could be identified as EBNA-1, EBNA-2, 
EBNA-3, EBNA-6 and EBNA-*, respectively [2}. As ex- 
pected, they were all present in the Naroal^va cells which 
excluMvely express the EBV latent antigens; the 92 IcDa 
{EBNA-2) polypeptide could not be detected in P3HR1 
and Daudi cells, whereas the 150 kDa (EBNA-6) poly- 
peptide could not be detected in Raji cells (10, 1 1]. None 
of these polypeptides could be detected in the EBV- 
negative BJAB cells. 

/Senun reactivities against the five EBNAs analyzed 
are presented in Table 1. Compared with the controls, 
a high proportion of patients with ACTD had anti- 
bodies against EBNA-2 {P < O.OOl), EBNA-4 {P < 
0.001) and EBNA^ (P < 0.001), as well as against all 
the five EBNA polypeptides {P < 0,01), The highest 
prevalence of these antibodies was observed in sera from 
patients with SLE. Reactivity against all five EBNA 
polypeptides was significantly increased in patients with 
SLE, in comparison with the controls (P < 0.00 1) or the 
patients with other ACTD (P < 0-01). The frequency of 
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^SgnifjcanUy ififioeat from oonoob (P < 0.001). MCTD {P < 0.0a SSiP < 0.01), and UCTD {P < O.OI). 
^^gAi&aat^ diffeteai from ooottois, SS, aod UCTD {P < 0.001). 
^iSpufofitly diflocsi from controU (P < 0.001). 
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and-EBNA-3 antibodies was significantly increased 
only in patients with SLE (P < O.OOl). 

4. Discossioo 

In the present study, we investigated the antibody 
responses against EBNA polypeptides in patients with 
autoimmune connective tissue diseases. However, the 
antibody response against EBNA-5 was not addressed. 
Indeed, the antibody response to EBNA-5 could not be 
easily distinguished because this antigen is, m fact, com- 
posed of multiple protein species [12] that comigrate 
with the polypeptide components of the early diffuse 
antigen (EA-D). These latter components were frequent- 
ly detected by our sera in B95-« and P3HR1 cells 15]. 
Funhermore, EBNA-S was not easily distinguishable 
from the latent membrane protein, another EBV-related 
antigen cqjrcssed in the EBV-produccr and non- 
producer cells {131. For these reasons, our study only 
focused on the antibody responses to EBNA-K EBNA- 
2, EBNA-3. EBNA-4, and EBNA-6. 

High prevalences of anli-EBNA antibodies have been 
reported in EBV-assodated diseases such as BL or NPC 
[13]. Therefore, these antibody responses in ACTD 
could have pathogenic significance. We have previously 
reported that patients with ACTD present a peculiar 
anubody response to EBV-specific polypeptides [4,5]. 
Indeed, we have observed that sera from patients with 
ACTD, eq)ecially SLE, recognize more frequently the 
EBV-induced early diffuse polypeptides. Moreover, we 
also observed that patients with SLE and MCTD pres- 
ent an increased frequency of antibodies against the 42 
IcDa envelope polypeptide of EBV, as do sera from pa- 
ticnu with IM (14]. Therefore, the results obtained in 
the present study confirm the particular reactivity of 
sera from patients with ACTD, and espedally those 
with SLE, gainst EBV anti^ns. The high frequency of 
antibodies against EBNA-2» -3, -4 and -6 suggests that 
the expression of these polypeptides is increased in these 
patients. Cells expressing all EBNAs and latent mem- 
brane protein (LMP) are considered as proliferating 
cells 115]. These cells, which represent a target for cyto- 
toxic T cells, are continuously destroyed in the normal 
host I16J. However, in subjects with impaired T cell re- 
sponse such as patients with ACTD, these EBV- 
activated cells expressing EBNA polypeptides may per- 
sist, inducing an increased antibody response. 

The particular antibody responses to EBV in our pa- 
tients could also reflect an increased antigenic stimula- 
tion \^r^VmA to viral replication. Indeed, the defective T 
cell response assodaied with ACTD could eHdt an in- 
creased activity of EBV in these patients. Therefore, 
given the antigenic cross reactivities and the genomic 
homcriopes between EBV and nuclear auioantigcn 
(17-191. as well as the faa that EBV is a polyclonal B 
cell activator that can induce autoantibody synthesis in 



vitro [20,21], the involvement of EBV in the pathogene- 
sis of ACTD can be taken into consideration. However, 
the responsibility of EBV in the development of auto- 
immune responses in ACTD remains to be established. 
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Epstein-Barr virus (EBV) infection is associated with production of 
autoantibodies. The N-terminal 35-58 sequence of EBNA I, one of the 
nuclear andgens encoded by EBV, is highly homologous to the C- terminal 
95-119 region of the ribonucleoprotein SmD. Autoandbodies specific for 
SmD are present only in systemic lupus (SLE) sera and are therefore 
considered a serological marker of SLE. 

We measured antibodies to the EBNA I 35-58 sequence in EBV-related 
diseases and in autoimmune disorders. Antibodies to the EBNA I 35-58 
peptide were present in 30% of normal sera, 12% Burkitt lymphoma, 22% 
infectious mononucleosis, 25% rheumatoid arthritis, 38% SLE and 33% 
Sjogren' syndrome. Antibodies to the SmD 95-119 peptide were detectable 
in 32% of SLE sera, 17% infectious mononucleosis and 12% Burkitt 
lymphoma. The specificity of anti-EBNA I 35-58 antibodies affinity- 
purified from nine sera was analysed by means of an inhibition assay. Only 
anti-EBNA I 35-58 aatibodies affinity-purified from SLE sera have a 
similar affinity for the viral peptide and the SmD C-terminal one; they also 
bind the recombinant SmD in western blot. The results indicate that 
antibodies to EBNA I 35-58 are produced in normals, in EBV-related 
diseases and in autoimmune disorder, but only SLE sera contain anti-viral 
antibodies cross-reactive with an autoantigen. 



Introduction 

Humans infected with the Epstein-Barr virus (EBV) develop antibodies reactive 
with the nuclear proteins encoded by the viral genome (EBNAs). The immune 

Address all correspondence to: Paola Migliorini, Clinical Immunology Unit, Istituto di Patologia 
Medica, Via Roma 67, 56126 Pisa, Italy. 
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f oatients affected by infectious mononucleosis were a kind gift of Dr C. 
.i'r/clli! Dipartimento di Biomedicina, University of P.sa. 

Peptide synthesis 

■ .r,rides were obtained by solid phase synthesis using F-moc protected 
.,„,het.c peptides were obt ^^^^^^^ ^^^^^^ ^ , 

^^^"""^ nr^es were purified by gel filtration on a Sephadex G-25 column. The 
^^P^r^BNTS^ GAGGGAGGAGAGGGA sequence was 

y,v-ala repeat (EBNA ^A- (AGRGRGRGRGRGRGRGR 

.iRGGPRR) ^"'^ *'.tTati^Ps In a^^^^ [12], a ly.ii^ scaffold 

:lZl7-^s four identical linear sequences corresponding to SmD 95-119 or 

^•^Ttlip'bL'rTnr™^ (FNNFTVSFWLRVP 
KVsX^) ["3] was used as a control for direct binding and inhibition assays. 

Detection of anti-peptide antibodies 

^.t a concentration of 1 0 ug/ml to coat polystyrene plates (Nunc, 
Peptides were used at a concentration 01 lu ^s' qq .^^ 

,^ -.,1,^ Aftpr hlockina for one hour with 3% BbA in 1 o^, sera uuui^ 
S'2„r(lTBS^.03% Tw«» ^^^^^^^^^ 

deviations of the VCA-negadve controls^ ^^^^ ^^^^^^ 

For the competitive assays, 5 /o dry non tat muK m i 
, o„H PR*; 0 milk 0 05% Tween was used as diluting butter tor tne sera auu 
'^^:^:2^.tt^'^L^ of se^m that gave 50.0 f^^^^^^^'Z 
was pre-incubated with different amounts of synthetic ^^^^1^^ ^^''J^^ 
hour at 37°C and then transferred to peptide-coated plates. The assay was tne 
carried out as the direct binding assay. 

Isolation of anti-peptide antibodies 

1 A rnRr-activated Sepharose following the 
EBNA I 35-58 was -upled to ff^'^^'H^^J^ peptide-coupled 
manufacturers' instructions. The sera were du ^„ , o „„h dialvsed 

Sepharose; the bound antibodies were eluted by 0. 1 M glycme pH 2.8 and dialysed 
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IgG antibodies (SIGMA) diluted 1/1000, blocked widi BSA and incubated with 
eluates and flow-throughs at various dilutions. The bound IgG antibodies were 
detected by addition of alkaline phosphatase-conjugated goat anti-human IgG. 

Anti-SmD activity 

Recombinant SmD molecule, a kind gift of Dr Pruuijn and Dr Van Venrooji is 
expressed in the Studier expression system [14] as a fusion protein with 40 added 
ammo acids, encoded by vector and linker. After the induction of expression 
bacteria were lysed by repeated freezing-thawing and ^ication. The lysate was 
centnftiged and the pellet containing the SmD protein was dissolved in 8 M urea 
25 mM Tris pH 7.5. ' 

The bacterial products were separated on a 15% acrylamide gel under reducing 
conditions and transferred to nitrocellulose. The filters were saturated by one hour 
incubation in 0.05 M Tris 0. 1 5 M NaCl 5% dry non-fat milk. The same buffer was 
used for antibody dilutions and washings. Purified antibodies at 30 ng/ml were 
incubated on filters for 4 hours at room temperature. After repeated washings 
alkaline phosphatase-conjugated goat anti-human IgG (SIGMA) was added and 
the filters were incubated overnight at 4°C. The immunoactive bands were 
visualized using 5-bromo-4-chloro-indoxyl-phosphate and nitroblue tetrazolium as 
substrate [15]. 

Isolation of anti-SmD antibodies 

The nitrocellulose strip containing die recombinant SmD was excised from blotted 
bactena lysate. The strip was saturated in 0.05 M Tris 0.15 M NaCl 5% BSA and 
incubated with SLE sera diluted 1:20 in 0.05 M Tris 0.15 M NaCl for one hour at 
room temperature. The strip was washed five times in the same buffer, then the 
bound antibodies were eluted by 0. 1 M glycine pH 2.8 and immediately neutralized 
by Tns. 



Anti-EBNA I activity 

The DG75 EBV-negadve Burkitt lymphoma line and the EBNA I-transfected 
DG75 EBNA I were described elsewhere [16, 17]. 

Total cell extracts were prepared by sonication of lO' cells in 1 ml of sample 
buffer (Tns buffer containing 5% SDS and 5% beta-mercaptoethanol); they were 
boiled for 5 mm, run on a 7.5% acrylamide gel (10«/lane) and blotted to 
nitrocellulose. The filters were probed widi affinity purified anti-SmD antibodies 
and with reference anti-EBNA I antibodies (affinity purified human antibodies 
specific for die EBNA I gly-ala repeat) (4, 17]. 

Results 

Frequency of antibodies to EBNA I-derived peptides 
Syndietic peptides from EBNA I (EBNA GA and EBNA I 35-58) and SmD (SmD 
95-1 19) were used as antigens on the solid phase in an ELISA assay. Serum IgG 



BSA and incubated ^ 
»nd IgG antibodies v 
goa^ anti-human Igc;' 



and Dr Van Venrou,). 
>n protein with 40 ad.i 
induction of exprcssi" • 
nication. The lysatc u.^ 
IS dissolved in 8 M urc*- 

mide gel under reducin:.- 
re saturated by one hm:: 
ilk. The same buffer wn. 
3odies at 30 ^g/ml vvcr. 
Vfter repeated washings 
JGMA) was added an.: 
nunoactive bands wer^ 
nitroblue tetrazoiium 



vas excised from blotted 
5 M NaCl 5% BSA and ' 
M NaCl for one hour ai 
e same buffer, then the 
immediately neutralized 



le EBNA I-transfected 

cells in 1 ml of sample 
iptoethanol); they were 
*/lane) and blotted to 
d anti-SmD antibodies 
fied human antibodies 



eptides 

5-58) and SmD (SmD 
ISA assay. Serum IgG 



Immune response against two epitopes of EBNAJ_ 



183 



^- for the EBNA I peptides GA and 35-58 and for the SmD 




.^lulvmphoma 
\pharingeal carcinoma 
. .,i,ous mononucleosis 
:",^niatoid arthritis 

'.rcllUC lupus 

even syndrome 



15/20 
11/16 
17/19 

6/23 
23/36 
34/40 

8/12 



(75%) 
(69%) 
(89%) 
(26%) 
(64%) 
(85%) 
(67%) 



6/20 
2/16 
7/19 
5/23 
9/36 
15/40 
4/12 



(30%) 
(12%) 
(37%) 
(22%) 
(25%) 
(38%) 
(33%) 



1/20 
2/16 
0/19 
4/23 
1/36 
13/40 
0/12 



(5%) 
(12%) 
(0%) 
(17%) 
(3%) 
(32%) 
(0%) 



,,„ .s ,„ autoimmune d,so,de«. The , ,pUope in 

,„« sera react with the EBNA GA, 7f f ""Y^ ' ij^^^ produced in a 
,„„s of frequency. However. or autoimmune 

?rB:,.'^'tThom\:^.% nasophannsea, c,^^^^^^^ 
„,o„„„uci.o„s. Among autoimmune --fJ^A^„^5 5 ^^^^^.^ 

detected in 25% rheumatoid arthntis, 33 /o Sjogren byi 

lupus sera. - , Crr^n O'S-l 19 oeotide are present in 32% 

Onthecontray— ag^-^^^^^^^^^ 

■■t'X'^tLtltrr^easured — rm^- 

antibodies to the SmD 95-119 peptide by EUSA^ 

All d.e sera, from any disease group, j ^^^g 

EBNA I 35-58 as well; several sera react w.th f^^^^^^'f J',^^^^^^ different 
SmD peptide. These results suggest die P^^^^^^^^"'/';" ^^^^^^^^ 
subsets of anti-EBNA I 35-58 antibodies and only few of these 

SmD. 



Specificity of antibodies to EBNA I 35-58 

TO better charac,e„» the '^"^^^ ^'^J^^^,:;^,:::^^' 
reacdvitte,. .erum antibodies 'P^'^' ^f^jVa^UbodiL were purified from 



184 B. Marchini et aL 





T1 



> 

03 



O 



S8t 



186 B. Marchini et aL 



^18.5 



Figure 2. Binding of affinity purified anti-EBNA I 35-58 anribodies to recombinant SmD protein 
The lysate from bacteria transfected with SmD was run on a 15% SDS gel under reducing conditions 
and transferred to nitrocellulose. The filters were probed with sera eluates fi-om an EBNA I 35-58 
column. Eluates from one rheumatoid arthritis (1), one SLE (2) and one normal serum (3) were tested 
Anti-peptide antibodies from lupus serum detect a band of 18 kD, that corresponds to the molecular 
weight of the recombmant SmD molecule, as confirmed by the control monoclonal anti-SmD antibody 
shown in lane 4. ^ 



lupus, two Sjogren' syndrome and two normal sera. Antibodies eluted from the 
EBNA I 35-58 column specifically bound the solid phase EBNA I and SmD 
peptides; the ability to bind both peptides was markedly reduced in flow-throughs 
from the column (data not shown). The specificity of anti-EBNA 35-58 antibodies 
was evaluated by means of an inhibition assay. Binding of lupus anti-peptide 
antibodies to the EBNA I peptide on the solid phase was inhibited by both the 
liquid-phase peptide and the SmD peptide (Figure lA). On the contrary, no 
inhibition was obtained with the SmD peptide in rheumatoid arthritis (Figure IB). 
Anti-peptide antibodies from Sjogren' syndrome and normal sera (Figures IC and 
D) had a lower affinity for the viral peptide, since only 40% inhibition was achieved 
with lOO^g/ml of peptide. As in rheumatoid arthritis, inhibition exerted by SmD 
was similar to that obtained with the control peptide. 

These results indicate that only anti-EBNA I 35-58 antibodies from lupus sera 
cross-react with SmD. 



Reactivity of antibodies to EBNA I 35-58 with recombinant SmD 

To fiirther analyse the reactivity of anti-EBNA I 35-58 antibodies, the eluates from 
the peptide column were tested on blotted recombinant SmD. As shown in Figure 
2, only anti-peptide antibodies from lupus sera recognize the recombinant SmD. 
Thus, only anti-peptide antibodies from SLE sera cross-react widi the SmD peptide 
and the whole SmD protein. 
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Figure 3 Binding of anti-SmD antibodies to SmD and EBNA I peptides. Anti-SmD antibodies were 
Punfied by acid elution from blotted recombinant SmD. The eluted antibodies were incubated at yanous 
dilutions on peptide-coated plates. Bound IgG antibodies were detected by alkaline phosphaiase-labeled 
anti-human IgG antibodies. 



Reactivity of anti-SmD antibodies with EBNA I 

Anti-SmD antibodies were purified by acid elution from bloned recombinant SmD. 
The eluted antibodies bind the SmD and EBNA I peptides, as shown in Figure 3. 
Further evidence for the cross-reactivity of anti-SmD antibodies with EBNA I was 
obtained from the analysis of EBNA I-transfected lines. As shown in Figure 4, 
anti-SmD antibodies and reference anti-EBNA I antibodies detect a band of 76 kD 
expressed only in EBNA I-transfected lines. 

Discussion 

The data presented in this paper describe a new complex epitope in the N-terminal 
portion of the viral protein EBNA I, contained in a region of the molecule highly 
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homologous to the nuclear antigen SmD. Antibodies specific for this sequence are 
produced m normals as well as in subjects affected by EBV-related disoSe^ J 
amo.mmune d.seases. Despite the structural similarides, antibodies Sst th 
of SLE s'el , 7^ V7 '^-tribution: they are in fact detectable in 32% 

dhei-dis'Sei mononucleosis and in a very low frequency in the 

The fine specificity of anti-EBNA I 35-58 antibodies is, however, different in die 
vanous disorders: only anti-peptide antibodies from lupus sera recognS Ae v^a 

EBNA fSf. ' ' r ^^"'^ ^° P-^"" -"bodies toT 
li. ^'"^ ' ""'^•"^ to be limited to 

SLE. These results support our previous findings, indicating again that in the 

IXL^T ^^""^ ' ^""-S-I^ autoantibodies can b 

generated by molecular mimicry. 

Antibodies to die EBNA I 35-58 are present in 12 to 37o/o of sera and their 
frequency .s not stnkingly different in autoimmune or EBV-related disorder^ l^u 
the abihty to mount an immune response to this epitope is not a rare event nor^s I 
confined to a smgle disease. The production of anti-iBNA I 35-58 antibodTe o 
different specificity (some are inhibited by SmD, some are not) indica^esTard^s 
X'zVdToTrLTsr T -napping peptides shol be 

d^J^em dtorde^ H ' ' ^"^''Odies in the 

different disorders. However, ,t is conceivable diat SLE antibodies recognize mainly 
the gly-arg stretch shared widi SmD, while RA antibodies react\ntii ot^^ 
equences contained in die 24 amino-acid peptide. Epitope mapping by meanfof 
syndienc peptides has obvious limitations: in fact, only linear epftopes can be 

ZTt "^'^ ^"'"P" °" ' conformationa (e.g foi^^ed 

by die diree-dimensional folding of a polypeptide chain) and many linear epitTpes 
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the contrary, hidden inside the protein and exposed only by its unfolding 
^.'Tlowever, the EBNA I 35-58 sequence is strongly charged because of its 
,'sually high arginine content and should therefore be exposed on the surface of 

\"Todies°to the 35-58 epitope are produced early after infection, since 22% of 
.. tious mononucleosis sera contain anti-EBNA I 35-58 antibodies. The produc- 
. of anti-EBNA GA antibodies follows a similar time course: in fact we detect 
' Tin 26% of infectious mononucleosis sera. The late appearance of anti-EBNA 
• ni'iibodies reported in the literature is based on detection by immunofluorescence 
''■T. the ELISA assay, as already observed by Rhodes et al. [2], allows eariier 
icction. The frequency of anti-EBNA GA antibodies we detect is, as previously 
■ orted [2, 7], very high in normals and in the various disease groups, confirmmg 
i^at'the gly-ala repeat is the dominrnt epitope in the human immune response to 

ibv. 

The vast majority of sera containing antibodies to the 35-58 sequence contams 
ntibodies to the gly-ala as well, but no correlation was found between the amounts 
" , the V^'O antibodies. The frequency and amounts of anti-EBNA GA antibodies are 
juite similar in normals and in EBV-related or autoimmune disorders. A marked 
iitlerence between normals and rheumatoid arthritis has been reported [19], but 
•hose findings were not confirmed by later studies in which only small differences m 
mtibodv titers were detected [7, 20]. These antibodies, however, could play an 
important role in die pathogenesis of rheumatoid arthritis. It has been shown that 
itfinitj'-purified anti-EBNA GA antibodies cross-react with collagen and keratin 
PI 22] Both proteins contain stretches of glycine and alanine that resemble the 
repeat sequences of EBNA I and anti-collagen and anti-keratin antibodies could be 
nroduced as part of die anti-EBNA I immune response. Although die presence of 
mti-coUagen antibodies is not a constant finding in rheumatoid arthritis nor is it 
dearly related to the early phases of die disease or to the relapses [23], their 
pathogenic role is it clearly established in animal models of the disease [24, 25]. 

Thus, molecular mimicry widi EBNA 1 could play a role in the induction of two 
types of autoantibodies, anti-collagen and anti-SmD, which have a quite different 
disease association. Anti-SmD antibodies are in fact present only m SLE patients, 
while anti-collagen antibodies are produced in rheumatoid arthritis, ankylosing 
spondilytis, systemic sclerosis and SLE. The HLA gene set and the T-cell receptor 
repertoire might be responsible for die production of anti-EBNA I antibodies 
cross-reactive with a particular autoantigen. Once triggered, the producaon of 
anti-SmD or anti-collagen antibodies is persistent in SLE and RA patients, with 
possible fluctuations linked or not to disease activity. In nonnal subjects, on the 
contrary, the production of autoantibodies induced by a viral infecuon is rapidly 
down-regulated. Rhodes et al. [26] found in acute infectious mononucleosis sera 
anti-EBNA I IgM antibodies reactive with both the EBNA GA and 10 cellular 
proteins; IgG antibodies produced during late convalescence do not cross-react 
with autoantigens. Similarly, we detected in 4/23 infectious mononucleosis sera 
anti-SmD 95-119 antibodies. The production of these antibodies is probably a 
transient phenomenon. In fact, even if we could not test sequential samples firom 
these subjects, anti-SmD antibodies are not detectable in normals or in rheumatoid 
ardiritis or Sjogren' syndrome patients. The control mechanism that suppresses 
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producrion of autoantibodies acts, in the case of the anri FRMA T . u ^- 
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